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ABSTRACT 
 
This dissertation comprises three articles that propose explanations for the eventual 
extinction of Neanderthals in Europe after a period of several thousand years of coexistence 
with anatomically modern humans (AMH). I propose that bioenergetic differences between 
Neanderthals and AMH favored the persistence of AMH. This difference in energetic 
efficiency was augmented by any behavior that was advantageous to AMH. Consequently, 
such behaviors directly impacted the rate of Neanderthal extinction. 
The first article proposes a mathematical model that reconstructs Neanderthal and 
AMH energetic budgets to predict how using fire for cooking might have affected the 
success of each species. I first use the model to establish that energetic differences alone 
result in Neanderthal extinction when Neanderthals and AMH occupy the same landscape. 
I then establish that cooking meat increases its caloric value, and incorporate that parameter 
into the model. The outcome indicates that differential fire use by Neanderthals and AMH 
significantly affects the rate of Neanderthal extinction. 
The second article analyzes the evidence for marrow and bone grease extraction 
from reindeer carcasses by Neanderthals and AMH during cold climate phases. I analyze 
two assemblages produced by Neanderthals and three produced by AMH to determine how 
	 vi 
each group exploited these crucial nutritional resources. Results indicate that marrow 
processing intensity correlates with site function rather than with human species while bone 
grease may have been more intensively processed by AMH. 
In the third article, I integrate these studies within a new theoretical framework 
combining self-organizing criticality (SOC) and resilience thinking (RT). I explore 
Neanderthal extinction across multiple scales. SOC explores how interactions at the scale 
of the individual can combine to cause events such as an extinction. RT provides a systems-
level framework for understanding how patterns of change among Neanderthals, AMH, 
prey populations, and the landscapes they inhabit may lead to instability and collapse. I 
identify the arrival of AMH into a landscape occupied by Neanderthals as a threshold point 
that set the process of Neanderthal demise in motion. I then use SOC and RT together to 
explain Neanderthal extinction as a slow and patchy process, rather than a sudden 
extinction. 
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Chapter 1: Introduction 
 
 A better understanding of the evolutionary history of the genus Homo is a focus of 
major research efforts in paleoanthropology. One of the main subjects of these research 
efforts is the Neanderthal species, our closest ancient relative. Neanderthals and their 
ancestors persisted in Eurasia for hundreds of thousands of years. After the arrival of 
anatomically modern humans (AMH) in Europe, these hunter-gatherer species 
overlapped geographically and chronologically for only a few thousand years before 
Neanderthal population density declined, and Neanderthal groups retreated into refugia 
and subsequently went extinct.   
 The reasons behind Neanderthal extinction are still debated intensely. Why would 
a species that had thrived in Europe for so long be unable to successfully compete against 
newcomers? Did AMH possess innate physical or behavioral advantages that doomed 
Neanderthals to extinction when AMH arrived in the same landscape? If not, what other 
factors could have caused Neanderthals to die out?  
 The archaeological record of western Europe provides a rich body of evidence of 
Neanderthal and AMH behavior, including subsistence practices and technology. 
Neanderthals are most often portrayed as big game hunters who derived the majority of 
their diet from large terrestrial herbivores (Rendu, 2010; Hardy and Moncel, 2011). In 
environments where these prey resources were abundant on the landscape, this was likely 
the case. However, more recent research has shown that in more resource-rich 
environments, Neanderthals exhibited flexible subsistence behavior and exploited a wider 
range of resources (El Zaatari et al., 2011; Hardy and Moncel, 2011; Hardy et al., 2013; 
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Henry et al., 2014). This evidence suggests that other aspects of Neanderthal behavior 
may not have been as different from AMH behavior as previously assumed. If this is the 
case, then to better understand how the process of Neanderthal extinction occurred, it is 
necessary to create a high-resolution picture of environment, demography, and 
interactions between Neanderthals and AMH at multiple scales. 
 As a way to more holistically understand how modern humans replaced 
Neanderthals, I propose a theoretical framework that combines aspects of self-organized 
systems and criticality (SOC) theory with aspects of resilience thinking (RT). These 
frameworks have individually been shown to be applicable to archaeological questions, 
but the application of both to Neanderthal extinction is an approach that has not yet been 
used. I incorporate two case studies into this framework. The first is a mathematical 
modeling approach to understanding the impact of a cooked versus a raw diet on 
Neanderthal and AMH species persistence. The second is a faunal analysis of multiple 
assemblages from southwest France to explore how Neanderthals and AMH exploit fats 
from prey skeletons.  
 Each case study focuses on Neanderthal and AMH behavior in the Perigord 
region of southwestern France. This is a region with a rich and well-researched 
archaeological record, with abundant faunal and lithic assemblages, and well-established 
paleoclimate and paleoenvironmental reconstructions. I demonstrate the usefulness and 
adaptability of the SOC and RT framework by applying the results of faunal analysis, 
mathematical modeling, and a synthesis of climatic data to a multi-scalar picture of the 
process of Neanderthal replacement by AMH in western Europe  
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Chapter 2: Modeling the role of fire and cooking in the competitive exclusion of 
Neanderthals 
 
Neanderthals are a human species that populated Europe for more than 200,000 
years before going extinct between 41,030-39,260 calibrated years BP (Higham et al., 
2014), shortly after the arrival of anatomically modern humans into Europe (AMH). 
Hypotheses for the Neanderthal extinction tend to fall into two distinct camps: those that 
emphasize competition with AMH for resources as a primary cause of extinction (e.g., 
Banks et al., 2008; Flores, 2011) and those that argue that interspecific competition was 
less relevant than other factors such as climate change (e.g., Finlayson and Carrión, 2007; 
Underdown, 2008). Studies based on ecocultural niche modeling have demonstrated that 
Neanderthals and AMH exploited similar resources in Europe (Banks et al., 2008b; 
Banks et al., 2013). These models suggest a major role for competition in Neanderthal 
population decline and extinction. 
If Neanderthals were outcompeted by AMH, then what factors contributed to 
AMH success? Many hypotheses have shared the premise that AMH possessed a more 
flexible and advanced set of subsistence behaviors. However, an increasing range of 
evidence for flexible subsistence behaviors and ecogeographically varied diet breadth 
among Neanderthals challenges these suggestions (Barton, 2000; Madella et al., 2002; 
Adán et al., 2009; Cortés-Sánchez et al., 2011; El Zaatari et al., 2011; Lloveras et al., 
2011; Hardy et al., 2013; Blasco et al., 2014; Henry et al., 2014; Sistiaga et al., 2014). 
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If differences in foraging adaptability cannot adequately explain a competitive 
disadvantage for Neanderthals, other factors must be considered as components of 
Neanderthal population decline. The aim of this article is to demonstrate that differences 
in metabolic budget, and consequent constraints on population growth, may have 
significantly influenced AMH persistence and Neanderthal extinction. The paper presents 
a multi-step mathematical modeling approach to investigate the use of fire by 
Neanderthals and AMH, and how fire as a tool for cooking may have influenced the 
outcomes of competition between Neanderthals and AMH. The scope of Neanderthal fire 
use compared to that of AMH is an important consideration that encompasses foraging 
and resource management behavior, technological capability, and cognition, all 
components of adaptive fitness. By evaluating the effect of a cooked versus a raw diet for 
Neanderthals and AMH, we aim to provide a new perspective on the current state of 
archaeological evidence for fire. 
The model adapts the Lotka-Volterra equations and persistence of predators 
model (Dubey and Upadhyay, 2004; Alebraheem and Abu-Hasan, 2012). The Lotka-
Volterra equations are a pair of first-order, nonlinear, differential equations frequently 
used to describe the dynamics of biological systems in which two species interact as 
predator and prey. Our adaptation simulates relationships between the most important 
features of Neanderthal and human interactions with prey populations. We incorporate 
hunter-gatherer populations competing for the same food sources, the handling costs of 
foraging, differential Neanderthal and AMH metabolic rates, and death rates for both 
populations. A recently published study by Gilpin et al. (2015) applies a similar modeling 
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approach to the competitive exclusion of Neanderthals by AMH as a result of differences 
in culture level. Their use of the Lotka-Volterra model and compelling results highlight 
the value of a modeling approach to studying ancient population dynamics. We aim to 
refine their cultural exclusion approach by applying a specific culture- and knowledge-
based variable, the use and control of fire for cooking. 
We first calculate the minimum raw meat energy requirements for test 
populations of Neanderthals and AMH to determine the initial metabolic advantage for 
AMH without fire use. We then model the same populations within the same parameters, 
but with varying factors of fire use and interspecific competition. Modeling these 
variables produces discrete scenarios of rates of competitive exclusion. These can then be 
tested against the archaeological record in order to increase the resolution of our 
understanding of subsistence behavior during the Middle and Upper Paleolithic. 
 
Evidence for fire in the Paleolithic of southwest France 
 We focus on southwest France, an area for which there is a rich and well-studied 
Paleolithic record, but which lacks a deep record of published evidence for fire use. 
Roebroeks and Villa (2011) conducted a survey of publications citing evidence for fire 
throughout Paleolithic Europe. Of these, eight were located in southwest France 
(Roebroeks and Villa 2011: Dataset S1) and were dated between MIS 5 (128-80 ky) and 
MIS 3 (60-25 ky), predominantly associated with the Middle Paleolithic. To these we can 
add two sites: Abri Pataud, where evidence for combustion features exist (Marquer et al., 
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2010), and more recent work at La Ferrassie (Turq et al., 2014), which identified 
combustion features as well. 
This scarcity of evidence for fire use in the Paleolithic may be a reflection of a 
number of factors. The composition and function of a fire varies depending on the needs, 
preferences and available resources of an individual or group (Bellomo, 1993; Sergant et 
al., 2006). It is therefore unrealistic to assume that these fires will always leave an 
archaeological “signature,” and that this signature will be recognizable. When evidence 
for fire is present, it may not be observed or reported, especially as excavation techniques 
may not include systematic sampling for fire use proxies. Taphonomic processes may 
also affect the overall frequency of visible sites per time period and region (Surovell and 
Brantingham, 2007; Surovell et al., 2009). Sandgathe et al. (2011b) suggest that a more 
meaningful approach to the frequency of fire use in the Paleolithic would be a review of 
the number of site occupations with good evidence for fire relative to the total number of 
site occupations known for a particular region and time period. 
Paleolithic populations may not have universally been able to manufacture fire 
(Sandgathe and Dibble, 2017). Neanderthals in particular may have been able to cope 
with colder temperatures without fire due to their more robust musculature (Steegman et 
al., 2002; Froehle and Churchill, 2009). However, some groups of Neanderthals were 
certainly knowledgeable about the properties of fire and used it as a tool for heat, light, 
and cooking (Henry et al., 2011; Blasco et al., 2016) and for heating pitch for hafting 
(Sykes, 2015). There is also evidence for fire-making by Neanderthals from multiple 
Middle Paleolithic sites in France (Rots et al., 2011; Sorensen et al., 2014; Sorensen and 
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Rots, 2014; Rots, 2015; Sorensen and Claud, 2016; Heyes et al., 2016). While fire might 
provide an advantage for both Neanderthal and AMH populations, fuel gathering may 
have been too costly a task at certain times for either population. Adequate fuel may have 
been unavailable in open glacial environments (Théry-Parisot 2002; Henry et al., 2016), 
which might explain why evidence for fire is much less prevalent in certain periods of the 
Middle Paleolithic (Goldberg et al., 2012). This study aims to address the gaps in the 
archaeological record where evidence for fire use is scarce. Through mathematical 
modeling we aim to understand the extent to which the habitual use of fire potentially 
affected the adaptive fitness of Neanderthals and AMH. 
Cooking, defined here as the use of heat to prepare food for consumption, is 
sometimes characterized as “a technological way of externalizing part of the digestive 
process” that “not only reduces toxins in food but also increases its digestibility” (Aiello 
and Wheeler, 1995, p. 210). These effects potentially represent significant amounts of 
metabolic energy that could be repurposed. A subsequent net rise in the energy value of 
the human diet is theoretically important for human evolution, as the total size of the 
energy budget of the human body affects numerous aspects of evolutionary biology, 
including defense against parasites and pathogens, body mass, investments in 
locomotion, and rates of growth and reproduction (Leonard and Robertson, 1997; Ellison, 
2001; Aiello and Key, 2002). If cooking reduces the cost of processing and assimilating 
nutrients, then that decrease in energy expenditure could provide a significant advantage 
in competitiveness, with repercussions for human evolution. 
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Mathematical modeling of prehistoric populations 
In the absence of a complete body of empirical archaeological data, a 
mathematical model can express population interactions and inform the search for, and 
interpretation of, material evidence. This is especially useful for studies of prehistoric 
human populations, since these populations are no longer available for ethnographic or 
experimental research. In place of direct study of these groups, we can mathematically 
simulate sets of expected behaviors based on external stresses and parameters in order to 
test the effect of changes in a system that we are not able to observe otherwise, due to 
scarcity of evidence in the archaeological record. 
It is important to acknowledge that the use of mathematical modeling in 
archaeology is accompanied by an element of compromise. A dynamic, multi-part system 
such human subsistence in the Paleolithic is far too complicated to model in its entirety. 
Therefore, any such system must be distilled to its most important parts. The first 
compromise is the identification of which parts of the system will be included in the 
model and which will be excluded. Our model uses kilocalories (kcal) as a measure of 
subsistence success. We do not, however, imply that only energy is necessary for 
survival. Macro- and micronutrients are also a critical part of dietary content (Hockett 
and Haws, 2005; Hockett, 2012). The impact of many specific nutrients on a diet, 
however, is not readily quantifiable. In contrast, recent literature on the effects of cooking 
indicates that cooking increases the digestibility of both plant and animal foods 
(Evenopoel et al., 1998; Boback et al., 2007; Carmody and Wrangham, 2009; Zink et al., 
2014; Groopman et al., 2015). Therefore, whatever the specific composition of the 
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Neanderthal and AMH diet, the application of cooking will result in an increase in 
digestibility and consequent increase in that diet’s caloric value. 
 
Model design 
The model we present adapts the Lotka-Volterra model, a three-dimensional set of 
interacting first order nonlinear ordinary differential equations. We derive this adaptation 
from the persistence of predators model (Alebraheem and Abu-Hasan, 2012) and the 
persistence and extinction model (Dubey and Upadhyay, 2004), which simulate two 
predators interacting with one prey species. Similar models have been used previously to 
explore various relationships between predators and prey in ecology and mathematical 
ecology (Kuang and Beretta, 1998; Naji and Balasim, 2007; Pastor, 2008). We also 
incorporate the functional Holling type-II response, derived from the assumption that the 
two predators are limited by an upper threshold point for number of kills before prey 
population density decreases (Alebraheem and Abu-Hasan, 2012). 
Our model describes relationships between the most important features of a 
realistic population of Neanderthals, AMH, and prey species in southwestern Europe by 
making some simple assumptions to formulate the equations. The model accounts for the 
costs of foraging for and handling food, hunter-gatherer birth and death rates, metabolic 
rates, and degree of fire use. 
The model tests groups of 10 adult males and 10 adult females for both 
Neanderthal and AMH populations. Both sexes are included, as metabolisms differ 
between males and females. The metabolic costs of pregnancy, nursing, and child-rearing 
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are held as constants and are not included in the background calculations. Group size is 
based primarily on primatological studies of fission-fusion group organization (Grove, 
2007; Grove et al., 2012) and rounded to 10 per sex to simplify calculation. 
 
Model assumptions 
We base the model on a series of reasonable assumptions. The first is of glacial 
climatic conditions. While Neanderthals and AMH may not have interacted during glacial 
climate phases in Europe, the metabolic stress of coping with a cold climate and limited 
plant resources relative to a more temperate environment tests each population under 
demanding conditions. Consideration of cold climate conditions brings up the issue of 
thermoregulation. Neanderthals were of larger, stockier build, which was beneficial in 
colder environments. AMH may have been at a thermoregulatory disadvantage due to 
their more gracile bodies, but may have compensated with technological adaptations like 
clothing (Collard et al., 2016). For the simplicity of the model, these two competing 
advantages are held as neutral. 
Our second assumption is a diet consisting principally of large herbivores, 
specifically reindeer (Rangifer tarandus). Reindeer represent the dominant taxon in many 
Neanderthal and AMH faunal assemblages in Western Europe (Grayson et al., 2001; 
Kuntz and Costamagno, 2011), indicating that both Neanderthals and AMH heavily 
exploited this species when it was available. Reindeer, a cold-adapted species, are also 
extremely sensitive to climate warming and are typically prevalent in southwest France 
during cold climate conditions (Morin et al., 2014). 
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Variables modeled 
The incorporation of a single prey species into the model reduces the variability 
of caloric value among different prey taxa, removing a number of confounding variables. 
Additionally, extensive data are available for the meat weight of individual reindeer, 
body sizes of Paleolithic individuals, and the caloric value of reindeer meat. The 
inclusion of starchy plant foods in the diet is also considered, though the plant component 
of the Paleolithic diet is still not fully understood. 
The model bases its measure of reproductive success on caloric intake in units of 
kilocalories (kcal), which provides a quantifiable measure of overall subsistence. This is a 
simplification of subsistence. Macro- and micronutrients, fats, and fiber are all important 
parts of the diet. Access to resources containing these nutrients would have been a key 
part of Neanderthal and AMH survival. Recent evidence has shown that Neanderthals 
exploited plant foods in landscapes where these resources were available (Albert et al., 
1999; Albert et al., 2000; Hardy, 2010; Henry et al., 2011; Hardy and Moncel, 2011; 
Fiorenza et al., 2015). In the glacial climates assumed for this model, starchy 
underground storage organs (USOs) would have likely been one key available plant food 
(Hardy, 2010).  Carmody and Wrangham (2009) estimate that cooking leads to an 
increase in energy gain of 12%-35% for various plant starches. Plant foods consumed by 
Neanderthal and AMH would therefore be affected by cooking as much as or more than 
lean meat, and thus the overall diet would exhibit the same general trend as the meat 
portion. For this reason, plant contributions to caloric consumption are omitted from this 
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version of the model and only the portion of the diet provided by large herbivore prey is 
considered here. 
 
Model parameters 
We first calculate the differences in total caloric expenditure of hypothetical 
Neanderthal and AMH test groups in order to examine the potential dynamics of 
intraspecific competition in this system, yielding four possible persistence/extinction 
scenarios. We then introduce the potential increase of the caloric value of food through 
cooking and variable fire use. 
 
Establishing metabolic requirements for test populations 
 
The total daily caloric expenditure for an individual (or total energy expenditure, 
TEE) is expressed by Equation 1: 
 !"" = $%&	×	)*+ + !"- 
 
Equation 1 
 
BMR is basal metabolic rate and PAL is physical activity level, a coefficient of BMR 
reflecting physical output during the course of a day’s activities (Froehle and Churchill, 
2009). TEF is the thermic effect of food, or the elevation in metabolism following a meal. 
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Ingestion of a high-protein meal can induce metabolic elevations of up to 30% for up to 
12 hours (Guyton and Hall, 2006). Over a period of 24 hours, therefore, we estimate the 
thermic effect of food to be a 15% increase in metabolism (TEF = BMR × 0.15). 
Calculations of hominin body mass are primarily based on estimates from the 
measurement of skeletal remains. Various skeletal measurements have been proposed for 
estimation of AMH and Neanderthal body mass, typically load-bearing elements 
(Hartwig-Scherer, 1993; Ruff, 1994; 2000), bi-iliac breadth (Ruff et al., 2005), or bone 
density (Moore, 2008). BMR values are derived from these body mass calculations. The 
BMR values used for this model are averages taken from Snodgrass and Leonard (2009) 
and Froehle and Churchill (2009). Both comprehensive studies use comparable methods 
and produce consistently overlapping results (Table 1). Averaging the values from these 
two studies includes a plausible range of metabolic rates, and illustrates variation within a 
realistic population of individuals (but see Heyes and MacDonald, 2015). 
 
Table 1: Average basal metabolic rates for test populations 
 
Froehle and Churchill, 2009 BMR (kcal/day) 
Neanderthal males 1881 
Neanderthal females 1448 
AMH males 1766 
AMH females 1402 
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Snodgrass and Leonard, 2009 BMR (kcal/day) 
Neanderthal males 1900 
Neanderthal females 1600 
AMH males 1720 
AMH females 1378 
  
Averaged values BMR (kcal/day) 
Neanderthal males 1890.5 
Neanderthal females 1524 
AMH males 1743 
AMH females 1390 
  
Resting metabolic levels for the Neanderthal and AMH test populations are 
derived from averages of TEE values from Snodgrass and Leonard (2009) and Froehle 
and Churchill (2009) (Table 1). Estimated PAL values for Neanderthals range from 2.5 
(Snodgrass and Leonard, 2009), the high end of the activity levels observed in 
ethnographic hunter-gatherer populations, to 3.0 (Sorensen and Leonard, 2001). PAL 
values for AMH are estimated at 2.5, based on studies conducted among Arctic hunter-
gatherers (Snodgrass and Leonard, 2009). Here, we assume equal PAL values of 2.5 for 
both populations, although this is a conservative value that may actually underestimate 
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Neanderthal energy expenditure. The overall TEE for the Neanderthal test population is 
approximately 7,000 kcal in excess of the TEE for the AMH test population (Table 2). 
 
Table 2: Derivation of TEE values for test populations 
 
Species BMR (kcal) PAL TEF (kcal) TEE 
(kcal) 
Test 
group 
(kcal) 
Neanderthal 
Male 
1890.5 2.5 1890.5*(.15) = 283.6 5009.9  
Neanderthal 
Female 
1524.0 2.5 1524*(.15) = 228.6 4038.6  
Neanderthal 
test population 
    90,485 
AMH Male 
 
1743.0 2.5 1743*(.15) = 261.5 4619.0  
AMH Female 
 
1390.0 2.5 1390*(.15) = 208.5 3683.5  
AMH test 
population 
    83,025 
 
Caloric value of meat 
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 An extensive study by Kuntz (2011: 249) suggests that fossil reindeer from the 
Upper Paleolithic of Southwest France (21.5-13 ka) reached an average body weight of 
110-130 kg. The reindeer assemblage at the site of La Vache, however, referenced in the 
same study, presents an exception with a male-dominated assemblage averaging 194 kg. 
Approximately 35-40% of a reindeer’s body weight is of nutritive value (Puputti and 
Niskanen, 2008; Alaska Department of Fish and Game, 2013). One adult male reindeer 
could therefore yield a range of approximately 45-80 kg of meat. One kilogram of raw 
lean ungulate meat equals approximately 3,000 kcal (Lee, 1979; Hawkes et al., 1982). 
The total available energy from a single reindeer carcass therefore ranges from 135,000-
240,000 kcal. 
 
Minimum raw meat requirements 
 For humans, a diet high in lean meat leads to ketosis, a condition of negative 
energy balance resulting from the high costs of protein digestion and the limited capacity 
of the liver for urea synthesis (Carmody et al., 2011). The human maximum of dietary 
protein before toxic ketosis is approximately 35-65% of the total diet (Hardy, 2010; 
Carmody et al., 2011). To take this limitation into account, we restrict the total energy 
derived from lean meat to a conservative 50%. Additional energy is available from bone 
marrow and subcutaneous fat, but these resources are more likely to be consumed raw 
than cooked (Draper, 1977) and are not included here. To fulfill metabolic baselines on a 
diet consisting of 50% raw meat, given adequate supplementary plant resources, the 
Neanderthal test population requires 45,242 kcal/day of raw meat (15.1 kg), while the 
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AMH test population requires 41,512 kcal/day (13.8 kg). At this rate of consumption, a 
single reindeer carcass could sustain the Neanderthal test population for 3.0-5.3 days. The 
same carcass could sustain the AMH test population for 3.3-5.8 days (Table 3). 
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Table 3: Effect of cooking on rate of reindeer kills for Neanderthals and AMH. 
 
 Min. 
daily raw 
meat 
energy 
require-
ment 
(kcal) 
Meat 
equiva-
lent 
(kg) 
Maximum 
days 
between 
reindeer 
kills 
Min. daily 
cooked 
meet 
energy 
require-
ment 
(kcal) 
Meat 
equiva-
lent 
(kg) 
Maximum 
days 
between 
reindeer 
kills 
Neanderthal 
population 45,242 15.1 5.3 39,813 13.3 6.0 
AMH 
population 41,512 13.8 5.8 36,531 12.2 6.6 
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Energetic effects of cooking on meat 
 Attempts to address whether cooking consistently improves the energy 
yield of meat and, if so, by how much, have produced ambiguous results. Multiple 
factors influence the digestibility of meat: the surface area open to action by gut 
enzymes, the microbes present in the meat, the toughness of muscle fibers, and 
loss of fat content through dripping are all expected to affect meat energy value 
(Carmody and Wrangham, 2009; US Department of Agriculture, 2011; Zink et 
al., 2014). As a result, in studies of these different contributing factors, some 
authors find that cooking increases digestibility (e.g., Boback et al., 2007; 
Carmody et al., 2011), others find that there is little to no effect (e.g., Bodwell and 
Anderson, 1986), while others find that digestibility decreases with cooking (e.g., 
Gatellier et al., 2009). Quantification of the effect of cooking on the energy 
available from cooked versus raw meat is therefore a complex task. An effort has 
been made here to provide a reasonable quantification of the caloric contribution 
of this important resource to the Paleolithic diet. 
 The effects of cooking on the digestibility of meat proteins have not yet 
been quantified for humans, but quantitative data have been compiled for other 
species. Carmody et al. (2011) found that in mice, a diet of cooked versus raw 
meat resulted in an 11.8% decrease in dry weight of food consumed, with no 
significant changes in activity level, indicating an 11.8% increase in the energy 
yield of the cooked meat diet. Another study (Boback et al., 2007) focused on 
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digestion of cooked and raw meat for Burmese pythons found a similar reduction 
in cost. 
 Given the wide variation of the effects of cooking on different categories 
of food, and given that both mammal and reptile models established similar 
increases in energy yield for cooked meat, the model will use 12% as a 
conservative estimate for the increase in caloric value of meat due to cooking 
(Table 3). Ideally, future research in human nutrition and digestion will refine this 
value, especially since human metabolic chambers, whole-room calorimeters 
capable of measuring human metabolic rates through measurement of oxygen 
consumption, have already been successfully used to estimate the 24-hour cost of 
digestion for human subjects (Seale and Conway, 1999; Brychta et al., 2009). The 
increase in maximum days between kills due to cooking (0.7 days for 
Neanderthals and 0.8 days for AMH) may seem insignificant for a single 
population, but over the course of a hunter-gatherer’s lifetime or multiple 
generations, the accrued effect contributes significantly to population success. 
 The implications of differences in Neanderthal and AMH energy budgets 
are numerous. With lower individual caloric needs, a population of AMH could 
be larger than a population of Neanderthals and still remain within the carrying 
capacity of a given landscape patch. AMH populations may also have been more 
efficient at converting prey into biomass and successful births, resulting in a faster 
rate of population growth over the long term. This coincides with existing 
literature that suggests that the Neanderthal population was effectively swamped 
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by rapidly expanding groups of AMH (Banks et al., 2008; Hoffecker, 2005; 
Flores, 2011; Mellars and French, 2011; Sørensen, 2011). 
 
Results of simulations 
 We first model Neanderthal-AMH population dynamics without direct 
interaction or competition to test each population’s adaptive fitness independently 
of extraneous behavioral variables. All models were developed in Wolfram 
Mathematica 10.0.2.0; model code is presented in Appendix A (Supplementary 
data). We consider the effect of differential fire use in the following three 
scenarios and of interspecific competition in the final scenario. 
 X represents the prey source (i.e., the ungulate population) as a function of 
time (t). We assume that the food source grows logistically with growth rate r and 
carrying capacity k. Y represents human population, and Z the Neanderthal 
population, at time t. Hunting efficiency for AMH and Neanderthal populations is 
modeled by α and β, respectively. The constants h1 and h2 are the handling times 
and digestion rates of AMH and Neanderthals. We assume that AMH use of fire 
increases adaptive advantage through lowered digestion costs with parameter f1. 
Parameter f2 represents Neanderthal use of fire to reduce digestion cost. For 
simplicity, each ungulate kill equates to increased reproductive success. Death 
rates of each population are represented by d1 and d2. The rates of change of each 
population over time are expressed by Equation 2. 
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Equation 2 
 
 There are four possible equilibria for this model, which represent four 
possible scenario outcomes: the extinction of all species, the extinction of the prey 
species, the extinction of Neanderthals, and the extinction of AMH. We assume 
here that between Neanderthals and AMH death rates are equal, as is hunting 
efficiency, based on the contentious nature of the literature on the latter topic. 
 
Simulation 1: No fire use 
 
 First we simulate the model for no fire use to determine the initial adaptive 
fitness of each population. We assume that f1 = f2 = 0. A comparison of AMH 
versus Neanderthal raw meat requirements is expressed in Equation 3. 
 AMH	minimum	raw	meat	kcal	requirementNeanderthal	minimum	raw	meat	kcal	requirement = 41,51245,245 = 	 .92 
 
Equation 3 
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We therefore assume that a population of AMH could be sustained on 8 percent 
less caloric intake than an equally sized Neanderthal population. We set AMH 
digestion rate h1 at 0.92 and Neanderthal digestion rate h2 as a baseline and 
investigate this advantage without fire use (Figure 1). We define extinction as 
Neanderthal density Z(t) = 0.001. 
 
Figure 1: Neanderthal and AMH population survival without fire use to cook 
meat. The solid black line represents the AMH population, the dotted black line 
represents the Neanderthal population, and the dotted grey line represents the prey 
population. Parameters are h1=0.92 and h2=1, f1=f2=0, α=β=1, d1=d2=0.1, r=1, 
k=1. 
 
The resulting model demonstrates that a baseline metabolic advantage would 
allow AMH to outcompete Neanderthals, driving them to extinction. This model 
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provides the baseline result for the speed of extinction against which subsequent 
model results are compared. 
 
Simulation 2: Fire use exclusively by AMH 
 
 Next, we assume that AMH populations used fire to cook meat while 
Neanderthals did not. The percentage decrease in handling time of food through 
fire use is modeled by f1 ≥ 0, and the lack of fire for the Neanderthal population as 
f2 = 0. Values of f1 = 0.25, 0.75, and 1 signify the use of fire for 25%, 75%, and 
100% of total food handling by AMH. 
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Figure 2: Neanderthal and AMH population survival with exclusive AMH fire use 
and f1 set to 0 (a), 0.25 (b), 0.75 (c), and 1 (d). The solid black line represents the 
AMH population, the dotted black line represents the Neanderthal population, and 
the dotted grey line represents the prey population. Parameters are h1=0.92 and 
h2=1, α=β=1, d1=d2=0.1, r=1, k=1. 
 
With AMH fire use set to 0 (Figure 2a), we see the same model output as in 
Figure 1. Figure 2, however, is zoomed in on the initial period of stochastic 
variation. This simulation demonstrates that with the maximum amount of caloric 
advantage from fire use (f1 = 1;  f2 = 0), the Neanderthal population reaches 
extinction 13.6 times faster than the initial baseline extinction rate with no fire use 
(f1 = 0;  f2 = 0). 
 
Simulation 3: Fire use by Neanderthals and AMH 
 We now assume fire use by both Neanderthals and AMH. We set AMH 
fire use constant at f1 = 0.25 and examine the effect of increasing the Neanderthal 
fire use factor. 
 If the fire use factor of both populations is the same, the Neanderthal 
population still experiences decline and extinction. This extinction occurs if 
Equation 4 is true. 
 15	 ≤ 	 10 + (ℎ5	 −	ℎ0) 
 26 
 
Equation 4 
 
 
Figure 3: Neanderthal and AMH survival with fire use by both populations; AMH 
fire use is constant at f1 = 0.25 and Neanderthal fire use varies from 0 (a) to 0.1 
(b), 0.25 (c), and 0.4 (d). The solid black line represents the AMH population, the 
dotted black line represents the Neanderthal population, and the dotted grey line 
represents the prey population. Parameters are h1=0.92 and h2=1, α=β=1, 
d1=d2=0.1, r=1, k=1. 
 
 The rate at which extinction occurs varies significantly based on the 
Neanderthal fire use factor. However, if the Neanderthal fire use factor creates 
sufficient advantage to outweigh AMH fire use and their initial metabolic 
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advantage, then the AMH population experiences decline and extinction. Since 
the calculated benefit of cooking via lowered digestion costs is 12%, and the 
initial AMH metabolic advantage is 8% (Equation 3), then Neanderthal extinction 
occurs when f2 ≤ f1 + 0.08 (Equation 4). Therefore, in order to outcompete AMH, 
a Neanderthal population would need to benefit from cooking at least 8% more 
often than an AMH population, as demonstrated in Figure 3d where f2 exceeds f1 
by 0.15. 
 
Simulation 4: Variable fire use 
 The model predicts that as long as the advantage of Neanderthal fire use 
does not outweigh the combined advantage of the AMH metabolic advantage and 
fire use, then the Neanderthal population will decline to a critically low density. 
In order to outcompete AMH, Neanderthals would need to benefit from a cooked 
diet by at least 8% more often (Figure 3d). 
We can expand this analysis to a matrix of possible survival scenarios with 
variable fire use frequencies for both AMH and Neanderthal populations (Figure 
4). Fire use frequency is represented by f1 and f2 values ranging from 0 to 0.2. The 
matrix considers the eventual “winner” in each matchup. AMH extinction is 
predicted only when Neanderthal fire use (f2) exceeds AMH fire use (f1) by at 
least 0.08. Even in those six scenarios, AMH extinction is predicted to be slow. In 
contrast, if AMH were using fire much more frequently and/or to greater 
metabolic effect than Neanderthals, then Neanderthal extinction would proceed 
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more rapidly than the speed predicted solely by the underlying metabolic 
differences between the species, as modeled in Simulation 1 above. 
 
 
 
Figure 4: Neanderthal and AMH extinction scenarios, compared with the initial 
baseline rate of Neanderthal extinction with no fire use in Simulation 1 (= 1.0 rate 
of extinction). The species indicated in the box persists while the other goes 
extinct at the rate indicated in the legend. 
 
Simulation 5: Introducing direct competition 
 We introduce the possibility of direct competition for resources into the 
model. Competition is represented by parameters c1 and c2. We assume that levels 
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of interspecific competition affect both populations equally, so that c1 = c2. The 
model now becomes: 
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Equation 5 
 
We set AMH fire use at f1 = 0.25 and Neanderthal fire use at f2 = 0.1. This 
difference is intended to represent one commonly held assessment of fire use in 
the archaeological record in Europe. While evidence suggests that Neanderthals 
were capable of making, using, and curating fire (Roebroeks and Villa, 2011; 
Courty et al., 2012), by the early Upper Paleolithic there is evidence for habitual 
use of fire for subsistence practices by AMH (Manne et al., 2014). We therefore 
assign a slight advantage in fire use to AMH, while keeping in mind that this 
represents simply one possible reconstruction of Paleolithic fire use. 
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Figure 5: Neanderthal and AMH survival with varying levels of direct 
interspecific competition: c1=c2=0 (a), c1=c2=0.001 (b), c1=c2=0.01 (c), c1=c2=0.1 
(d). The solid black line represents the AMH population, the dotted black line 
represents the Neanderthal population, and the dotted grey line represents the prey 
population. Parameters are h1=0.92 and h2=1, f1=f2=0.1, α=β=1, d1=d2=0.1, r=1, 
k=1. 
 
 The level of interspecific competition significantly influences population 
dynamics within the model (Figure 5). Higher levels of interspecific competition 
greatly increase the rate of Neanderthal extinction compared to baseline levels 
(Figure 5a). If interspecies competition is very low (c1 = c2 = 0.001), Neanderthal 
extinction occurs 1.34 times faster (Figure 5b). With intermediate competition (c1 
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= c2 = 0.01) (Figure 5c), Neanderthal extinction occurs 4.08 times faster. With 
high levels of competition (c1 = c2 = 0.1) (Figure 5d), Neanderthal extinction 
occurs at a rate 27.31 times faster than the initial predicted rate. 
 
Discussion 
Implications of the model 
 The model developed here presents three key results. First, given 
differences in metabolic budget between Neanderthals and AMH and their 
dependence on similar or overlapping food resources, Neanderthal extinction is 
likely inevitable over the long term when the two species compete for finite 
subsistence resources. Among AMH, lower daily caloric needs for survival 
ultimately translate into a higher success rate in converting food resources into 
population growth, and a greater number of AMH can always be supported by a 
given prey population in comparison with Neanderthals, absent fire use. Second, 
differential fire use in favor of AMH would accelerate Neanderthal extinction. 
The rate of Neanderthal population decline is determined by the degree to which 
fire use is more prevalent among the AMH than Neanderthal population. Third, 
the degree of interspecies competition for resources also has a significant effect 
on the rate of Neanderthal decline and extinction, with even symmetrical 
competition bolstering the underlying metabolic advantage of AMH. 
 These results can be interpreted as a possible basis for some of the 
differences in behavior and population dynamics reported in the Neanderthal and 
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AMH archaeological record and as a useful framework for studying the 
Paleolithic. Despite prior attention to potential cognitive differences (Klein, 1989; 
Mellars, 1996), constraints on available energy may have restricted Neanderthal 
behavior more than cognitive factors. Differences in energy budget also likely 
affected population demographics during the expansion of AMH into Europe. 
With a larger and more flexible metabolic budget, a small population of AMH 
could compete with, and eventually overtake, an initially larger Neanderthal 
population. The “serial founder scenario” of AMH expansion (Ramachandran et 
al., 2005; Deshpande et al., 2009) suggested by genetic studies supports this 
finding. If initial metabolic differences between human species are a basis for the 
eventual competitive exclusion of Neanderthals, then other aspects of physiology, 
cognition, or behavior can be analyzed as contributors to extinction rate. 
 Our model shows how frequency of fire use has a profound effect on the 
rate and inevitability of Neanderthal extinction. Consequently, it is crucial to have 
a firm understanding of the presence and absence of evidence for Neanderthal and 
AMH pyrotechnology. In order to test this model empirically and determine the 
degree to which differential use of fire may have accelerated Neanderthal 
extinction, it is not sufficient to simply identify occasional fire use in Middle 
Paleolithic contexts. Rather, it is necessary to incorporate standardized procedures 
to test for evidence of fire as a matter of course in Middle and Upper Paleolithic 
excavations, documenting its absence as well as presence. Exploration of fire in 
Paleolithic contexts should also include a deconstruction of the materials used as 
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fuel, temperatures reached, and spatial distribution of fires. Archaeological 
approaches to investigation of fire use should include methods including 
micromorphology and sedimentological studies (e.g., Courty et al., 2012; 
Stahlschmidt et al., 2015; Aldeias et al., 2016), as well as charcoal and phytolith 
analyses (Costamagno et al., 2010; Goldberg et al., 2012), to document these data, 
as well as dates for any fire features. As sites are investigated in this manner, then 
AMH and Neanderthal fire use can be standardized by comparing thoroughly 
studied Middle and Upper Paleolithic sites with evidence for fire to those with 
evidence for absence of fire use (rather than simply no mention of fire use). 
 The fire use factor model detailed here provides a mechanism for 
exploring one aspect of “culture” laid out by Gilpin et al. (2016), which those 
authors present as a mathematical variable correlated with group size but with no 
concrete mechanism for conferring a benefit to group survival. Fire use is a 
cultural trait that can be linked directly to metabolic and subsistence variables, 
and can be modeled with some degree of specificity, thus operationalizing Gilpin 
and colleagues’ model. Importantly, Gilpin et al. stress that their “ecocultural 
model—in contrast to the standard Lotka-Volterra model—predicts the 
simultaneous existence of locally stable internal and edge equilibria, where the 
former may act as ‘traps’ hindering competitive exclusion” (Gilpin et al., 2016, p. 
3). Their approach provides a complex and nuanced picture of population 
interactions and a closer analogue to the dynamic environment of the Middle to 
Upper Paleolithic transitions, within which Neanderthals and AMH interacted and 
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potentially competed within patchy and fluctuating resource landscapes. This 
approach may provide a more realistic reconstruction of population dynamics in a 
patchy landscape. However, the persistence/extinction model used here predicts 
impacts on extinction timeframes by finding and flexing a single key point of 
leverage in the subsistence system of Paleolithic populations, rendering it more 
directly testable. 
 
Avenues for model refinement 
 
 Three key improvements to existing data would enable significant 
refinement of this model. The first is a more thorough understanding of the 
components of the Neanderthal diet, especially plant foods. For both Neanderthal 
and AMH populations, it has been illustrated that diet breadth was variable 
according to landscape, available resources, climate, and other factors (Fiorenza 
et al., 2011; Ströhle and Hahn, 2011; Henry et al., 2014). An ideal approach 
towards a better understanding of Neanderthal and AMH diet would be a 
comprehensive reconstruction of resources available in a given ecosystem through 
as many proxies as are available, including environmental pollen and phytolith 
studies (e.g., Banks et al., 2008b), analysis of diet biomarkers in fecal remains 
(Battillo and Fisher, 2015; Sistiaga et al., 2014), dental microwear and macrowear 
studies (e.g., El Zaatari et al., 2011; Fiorenza et al., 2011), and extraction of 
phytoliths from dental calculus (e.g., Henry et al., 2014). This type of 
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reconstruction is particularly relevant for glacial periods, when plant foods were 
less abundant, constraining diet breadth for both Neanderthals and AMH. 
 A second key element to investigate further is the effect of cooking on 
proteins as well as plant foods to determine whether all potential components of a 
Paleolithic diet are affected by cooking, and if so, how and to what degree. 
Studies using room-sized calorimeters (e.g., Westerterp et al., 1999) and the TNO 
Intestinal Model (TIM), a computer-controlled model of the human 
gastrointestinal system (Minekus, 2015), have successfully simulated digestion 
for young, adult, and elderly humans. Research of this nature would certainly 
contribute to a more realistic model for Neanderthal and AMH nutrition. 
 A third, related key element for the improvement of the model is a 
thorough understanding of the dietary impact of nutrients other than kilocalories. 
Dietary requirements other than energy are more difficult to quantify, especially 
for extinct populations, and so are not easily included in models of this type; key 
nutrient deficiencies, however, may dictate seemingly “non-optimal” feeding 
patterns (e.g., Belovsky 1978; Hill et al. 1987). Dietary preferences and the 
availability of specific foods determine essential nutrient intake, but 
macronutrients (calories) and micronutrients (vitamins and minerals) affect 
mortality and birth rates, and thus affect demographic trends through time. 
Importantly, the lack of some nutrients and the over-consumption (toxicity) of 
others can also impact survival, pregnancy, and birth rates (Koebnick et al., 1999; 
Hockett, 2012). Maintenance of caloric levels at or above metabolic needs, 
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therefore, does not guarantee adequate nutrition, thus kilocalories are not an ideal 
proxy for measuring demographic trends that are related to nutrient intake 
(Hockett, 2012). The ability to model nutritional ecology in more detail will be a 
key step in improving the broader usefulness of this model. 
 
Conclusions 
 The fire use factor model uses estimates of Neanderthal and AMH 
metabolic requirements and calculations of the caloric content of a cooked versus 
raw meat diet to model the potential effect of fire use on interacting Neanderthal 
and AMH populations. The model shows that given initial differences in 
metabolic budgets, Neanderthal decline and extinction is inevitable following the 
introduction of an AMH population competing for similar resources. The rate of 
this competitive exclusion increases significantly when fire use provides an 
adaptive advantage to AMH. We interpret these results as evidence that 
differences in metabolic budget between Neanderthal and AMH populations may 
be a more significant constraint on behavior and reproductive potential than 
cognitive differences. Additionally, we have shown that since fire use may have 
been a critical contributing element of Neanderthal extinction, archaeological 
investigation of both Middle and Upper Paleolithic contexts should incorporate 
standardized, multi-proxy protocols for determining the presence or absence of 
evidence for fire. With this information, given a known time span of extinction 
for a local Neanderthal population in a given landscape, the model can 
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approximate the expected frequency of fire use in Neanderthal contexts. This 
prediction can then be compared against archaeological evidence to address 
questions of taphonomy, sampling, and actual patterns of behavior. 
 The model raises important implications concerning the effect of 
Neanderthal and AMH physiology on diet and subsistence behavior. Future 
applications include a comparison of Neanderthal and AMH hunting and fire use 
frequency between southwestern Europe and non-glacial landscapes where these 
populations interacted, such as the Levant. Such comparisons would necessitate 
changes in the model parameters to accommodate different ungulate prey 
populations, inclusion of plant foods, fire use frequencies consistent with 
archaeological evidence for the particular region, and possible differences in 
physical activity levels associated with subsistence for local Neanderthal and 
AMH populations. By adapting this model, it may also be possible to assess the 
impact of other Neanderthal and AMH behaviors related to subsistence, such as 
particular lithic technologie.  This would require finding a means of quantifying 
an advantage in efficiency (perhaps as a percentage of overall time expenditure, 
calculated through experimental archaeology and expressed as baseline caloric 
expense per unit of time). Finally, variation in size and availability of large 
ungulate prey populations may be a defining parameter in Neanderthal and AMH 
population size and density, and this variable is worthy of future investigation. 
 With refinement, we hope that this model will prove a useful predictive 
tool with numerous applications. The fire use factor model represents a versatile 
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approach for improving our understanding of biological and behavioral 
differences between Neanderthals and AMH, and the mechanisms responsible for 
the competitive exclusion of Neanderthals. 
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Chapter 3: Comparing bone fat exploitation by Neanderthals and 
Anatomically Modern Humans 
 
Neanderthals are an archaic human species (Homo neanderthalensis, or 
sometimes Homo sapiens neanderthalensis) that were replaced in Europe by 
anatomically modern humans (AMH; Homo sapiens sapiens) by approximately 
41,030-39,260 years ago (Higham et al., 2014). Mathematical and ecological 
niche modeling approaches have shown that Neanderthals and AMH exploited 
similar niches in Europe (Banks et al., 2008; Flores, 2011; Gilpin et al., 2015). 
Moreover, the chronology recently constructed by Higham et al. (2014) suggests a 
significant overlap of 2,600-5,400 years between the two human groups on the 
European continent, with the implicit potential for population interaction, 
competition, and the transmission of behaviors on the local scale. The eventual 
decline and extinction of the Neanderthal population suggests that AMH had 
some degree of adaptive advantage. 
Paleoanthropologists debate whether physiological differences were a 
driver for AMH outcompetition of Neanderthals. Multiple studies of Neanderthal 
and AMH body mass and metabolic rates (Hartwig-Scherer, 1993; Ruff, 1994; 
Ruff et al., 2005; Moore, 2008) have estimated that Neanderthals tended to have 
higher absolute daily energy needs than AMH within the same climates by 
approximately 10% (Froehle and Churchill, 2009; Snodgrass and Leonard, 2009). 
However, robust musculature and higher metabolism meant that Neanderthals 
were better adapted for thermoregulation, and could better cope with the climate 
of glacial periods. Depending on intrinsic factors like behavior and external 
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factors such as climate, differences in physiology may not be sufficient to explain 
why Neanderthal extinction occurred at the rate that it did, even if we assume that 
lower metabolic demands were advantageous to AMH. 
If physiological differences alone cannot fully explain the process and rate 
of Neanderthal extinction, then we can look to subsistence behavior for 
differences that may have provided an advantage to AMH. If Neanderthals and 
AMH made different resource exploitation choices, and AMH used resources 
more efficiently or successfully, then those differences in behavior could have 
contributed to the rate of Neanderthal extinction. In this article, we explore 
economic decision making related to bone fats, a nutritionally critical resource. 
We analyze faunal bone assemblages associated with both Neanderthal and AMH 
sites with a specific focus on bone fat processing to determine whether this 
specific behavior represented an adaptive advantage for AMH (or, potentially, for 
Neanderthals). 
 
Animal fats: a critical resource 
Animal fat plays a substantial role in the diet of hunter-gatherer 
populations, whether past or present. Lipids are critical in the early neurological 
development, and in the absorption of micronutrients from other foods. Fats are 
denser in calories than either proteins or carbohydrates by a ratio of 9:4 (Erasmus, 
1986; Mead et al., 1986). The intensive exploitation of fat resources is therefore 
highly important for populations relying primarily on large herbivore prey for 
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subsistence (Grayson et al., 2001; Niven, 2013). Lean meat is not easily 
metabolized into energy, and a high-protein diet in the absence of carbohydrates 
or fats can lead to severe illness (Speth and Spielman, 1983). 
One of the most reliable sources of dietary fat for a population dependent 
upon terrestrial animal products is the skeleton. When an animal is in good 
nutritional health, marrow is a calorie-rich and fatty substance that is primarily 
stored in the large interior cavities (medullae) of most limb bones and the 
mandible (Currey, 2002; Munro and Bar-Oz, 2005). Bone marrow is the last fat 
reservoir to be depleted in the fat mobilization sequence of a starving animal 
(Peterson et al., 1982; Ratcliffe, 1980). Therefore, even if an animal is hunted 
during a lean season and is suffering from dietary stress, there will still be 
abundant fatty marrow in its medullary cavities. Fat can also be recovered from 
the spongy bone that makes up the epiphyses of the appendicular bones; this fat is 
termed bone grease. 
Extracting bone marrow and bone grease from a prey carcass requires 
activities that span a range of time and effort. Marrow from the interior 
(medullary) cavities within the long bones of large mammals can be easily 
extracted by fragmenting the bone with a hammerstone; these are high-yield 
elements. At the other end of the marrow availability spectrum are skeletal 
elements, such as phalanges, that are structurally resistant to breakage, contain 
little marrow, and take significant effort to clean and process. 
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Bone grease is an additional source of fat to be derived from a prey 
carcass, but requires more intensive processing. In many ethnographic examples, 
grease is rendered from bone by fragmenting bone epiphyses and shafts, then 
cooling and skimming off the fat that rises to the surface (Leechman, 1951; 
Binford, 1978). Bone fragments or ground bone meal can also be added to enrich 
stews. In the last decade, the idea that bone grease rendering was a systematic part 
of Neanderthal subsistence behaviors has been a matter of debate. Many previous 
studies assume that fire typically played a role in bone grease rendering (e.g., 
Church and Lyman, 2003; Munro and Bar-Oz, 2005). However, Schaefer and 
Steckle (1980) observed that Inuit populations of Quebec historically chewed the 
ends of bones to extract the grease. Binford (1981:148) described a similar 
practice among the Nunamiut, and Oliver (1993) notes the same behavior among 
the Hadza. Costamagno (2013) suggests that Neanderthals may have ground 
down or gnawed on epiphyseal bone, which was consumed uncooked to take 
advantage of fat deposits. 
 
Dataset selection 
We incorporate a diachronic approach to Paleolithic carcass processing to 
determine whether differences in marrow and bone grease processing behavior 
correlate with human species. We include material from the Quina Mousterian, 
early Aurignacian, and Magdalenian industries (Table 4) from five assemblages 
from southwest France (Figure 6). In southwestern France, faunal assemblages 
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associated with these industries are generally dominated by reindeer (Rangifer 
tarandus), indicating colder, more open environments (Grayson and Delpech, 
2005). For this analysis, we have chosen to keep the prey species constant, by 
focusing only on reindeer (Table 5). In addition, reindeer are large-bodied 
mammals with considerable stores of bone fats, and their exploitation has been 
studied by others (Peterson et al., 1982; Grayson et al., 2001; Morin, 2007; Morin 
and Ready, 2013; Kuntz and Costamagno, 2010; Costamagno et al., 2016). 
Archaeological faunal bone assemblages included in this study were 
chosen based on three criteria. First, the sites from which these assemblages 
derive are situated in the same geographic region and shared a similar ecology 
and climatic history. Second, each of these assemblages is from a cave or 
rockshelter site, meaning that archaeological deposits were at least partially 
protected from deterioration by exposure to the elements. Third, three of the five 
assemblages included (Jonzac, Pech IV, and La Ferrassie) were excavated by the 
associated teams with consistent methodology; the final two assemblages come 
from a site excavated with a similar methodology (Rigaud et al., 1995; Grayson et 
al., 2001; Rigaud, personal communication, 2016). Previous studies have 
established that carnivore activity was minimal at all assemblages (Niven et al., 
2012; Grayson and Delpech, 2003; Niven, 2013; Turq et al., 2014). These studies 
also cite little evidence for combustion in the glacial deposits of the sites included 
in this study (Niven et al., 2012; Grayson and Delpech, 2003; Niven, 2013; Turq 
et al., 2014). Therefore, the habitual use of bone as fuel, which might significantly 
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increase attrition of spongy, epiphyseal bone in particular, appears unlikely, but 
we also assess this question directly in this study. 
Our regional approach and focus on assemblages generated during glacial 
climatic conditions and dominated by a single species removes or diminishes a 
number of variables, including diet breadth, ecological and geographic 
differences, and taxonomically-driven differences in resource availability and 
preservation, which might obscure results (Bar-Oz and Munro, 2004; Daujeard et 
al., 2012; Manne et al., 2012; Cannon, 2013; Niven, 2013). Finally, we chose 
chronological periods when Neanderthals and AMH did not co-exist in Europe, in 
order to eliminate interaction and direct or indirect competition between the two 
species as a factor. 
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Figure 6: Map of the Dordogne region and study sites (adapted from J. Jaubert). 
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Table 4: Assemblages included in this project with corresponding chronologies, stratigraphic levels, and available 
publications 
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Site Chronometric 
dates 
Absolute dates  Layer Period Population Publications 
Jonzac 
 
c. 71-59 ka 73 ± 8 ka 22 Quina 
Mousterian 
Neanderthal Niven et al., 2012; Richter et al., 2013 
Pech de 
l’Azé IV 
c. 65-60 ka 57	± 3ka  to 
62	± 3ka 4 Quina Mousterian Neanderthal Niven, 2013; Jacobs et al., 2015 supplementary unpublished data* 
La 
Ferrassie 
 
c. 39.8-37.9 ka  
37 ± 2ka 
7 Aurignacian AMH This study; Guerin et al., 2015 
Grotte 
XVI 
 
c. 29-28 ka 28±	4ka to 
29± 4ka  Abb Aurignacian AMH Grayson et al., 2001; Grayson and Delpech, 2003; Faith, 2007; 
supplementary unpublished data* 
Grotte 
XVI 
 
c. 12.5-12 ka 12 ±1ka 0 Magdalenian AMH Grayson et al., 2001; Grayson and 
Delpech, 2003; Faith, 2007; 
supplementary unpublished data* 
*supplementary data provided by Niven for Pech IV and by Grayson for Grotte XVI. 
Table 4: Assemblages included in this project with corresponding chronologies, stratigraphic levels, and available 
publications. 
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 Jonzac 
Level 22 
Pech IV 
Level 4 
La Ferrassie 
Level 7 
Grotte XVI 
Level Abb 
Grotte XVI  
Level 0 
Rangifer 
tarandus 
(NISP) 
1936 1130 959 887 2049 
Rangifer 
tarandus 
(%NISP) 
98 93 96 58 94.34 
Bos/Bison 
(NISP) 
155 2 7 38 2 
Bos/Bison 
(%NISP) 
6.5 0.2 0.7 2.5 0.1 
Equus sp. 
(NISP) 
8 13 0 114 30 
Equus sp. 
(%NISP) 
0.3  1.1 0 7.5 1.4 
Cervus 
capreolus 
(NISP) 
0 57 0 141 10 
Cervus 
capreolus 
(%NISP) 
0 4.7 0 9.2 0.5 
Cervus 
elaphus 
(NISP) 
1 16 5 260 24 
Cervus 
elaphus 
(%NISP) 
0.04 1.3 0.5 17.0 1.1 
Total 
(NISP) 
2398 1220 999 1528 2172 
 
Table 5: Reindeer as percentage of total NISP count, by assemblage. 
 
Theoretical frameworks for bone fat exploitation 
The prey choice model and utility indices 
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Many zooarchaeological studies of patterned variation in faunal assemblages 
adapt some form of a set of models known collectively as Optimal Foraging Theory 
(Stephens and Krebs, 1986; Bird and O’Connell, 2006). This approach is based on the 
assumption that maximizing rate and efficiency of nutrient intake increases fitness. The 
best known of these foraging model is the prey choice model (PCM). This model predicts 
that top-ranked prey will always be chosen upon encounter and that fewer profitable 
types of prey will be added to the diet in descending order of value until a threshold of 
effort versus intake is reached (Charnov and Orians, 1973; Charnov et al., 1976; Burger 
et al., 2005). Following Munro and Bar-Oz (2005), we apply this framework to the 
aggregation of fats within a prey carcass, rather than to successive categories of prey 
species. We expect that after the de-fleshing of a prey carcass, deposits of skeletal fat will 
be selected in order of profitability, preference, and ease of access. 
Behavioral predictions based on the PCM framework depend on the value placed 
on specific resources. In his study of Nunamiut carcass processing, Binford (1978) 
highlighted concentration of oleic acid (an unsaturated fatty acid) as a significant variable 
for selection of bones for both marrow and grease processing. From this study, Binford 
derived the Marrow Utility Index (MUI), which assigns value to each skeletal element 
based on the volume of marrow that it contains. Jones and Metcalfe (1988) subsequently 
disputed the importance of oleic acid for skeletal part selection, and Morin (2007) 
reevaluated this debate using Binford’s ethnographic data, testing the statistical 
correlation between selected skeletal parts and bone grease weight. Morin’s study showed 
that body parts rich in oleic acid would have been selected more often than expected 
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based on grease weight alone. Morin (2007) then developed the Unsaturated Marrow 
Index (UMI), which differs from Binford’s MUI in that it takes into account that taste, 
ease of extraction, and sequence of fat mobilization in prey animals all contribute to the 
bias favoring a hunter-gatherer’s selection of skeletal parts.  
 
Bone fat exploitation in the archaeological record 
Multiple studies, especially those involving experimental work, have contributed 
to our understanding of how bone fat exploitation appears in the archaeological record. 
Outram (2001; 2008) established the Fracture Freshness Index (FFI), a scoring system to 
establish the freshness of a bone when it was broken, a function of time since death and 
the conditions in which the bone was kept following de-fleshing. Karr and Outram 
(2012a; 2012b; 2015) tested the effects of refrigeration, freezing, exposure to direct heat, 
and boiling on bone fracture morphology; in general, their results indicate that in cold 
conditions, bone tissue degrades more slowly, while in warm conditions, a bone will lose 
freshness more quickly.  Morin and Soulier (2017) recently identified crushing marks, 
tear marks, and micro-inclusions from hammer stones or stone anvils as promising 
criteria for identifying bone grease rendering or consumption. In combination, these 
criteria provide robust signatures for different types of strategies for preparing spongy 
bone for consumption. Tear marks are of special significance, since these markers of 
dynamic loading on bone have not been reported in assemblages created or modified by 
nonhuman agents (Morin and Soulier, 2017: 107). 
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In addition to this experimental work, several key studies have examined faunal 
assemblages for evidence of increased intensity of bone fat exploitation. Nagaoka (2002; 
2005) demonstrated that heavier exploitation of bone fat from moa carcasses in New 
Zealand correlated with incidences of resource depression. Munro and Bar-Oz (2005) 
adopted a multivariate taphonomic approach to test the survivorship of gazelle bones, 
likely candidates for bone fat exploitation, versus that of rabbit bones, which are not large 
enough to make bone fat exploitation profitable. This test indicated that attrition of 
gazelle bones was likely due to human action rather than post-depositional processes. 
Overall, these studies demonstrate that bone fat exploitation is often a key part of hunter-
gatherer subsistence processes across space and time, and that decision-making related to 
bone fats can be reconstructed effectively if taphonomic factors can be ruled out. 
 
Material correlates for bone fat extraction 
 We aim to identify potentially distinct resource priorities of Neanderthal and 
AMH populations in this study, drawing on a PCM framework to predict patterns of 
marrow and grease processing. According to the PCM logic, these behaviors ought to 
occur in order of efficiency. In an assemblage generated by butchery without bone fat 
consumption, we expect that bones will be deposited whole or nearly whole. We also 
expect that the skeletal parts most represented will be those with the most meat value 
(e.g., upper limb elements). In an assemblage generated by intensive exploitation of bone 
marrow, we expect heavy fragmentation of marrow-bearing elements, resulting in overall 
small sizes of bone shaft fragments. The skeletal parts in that assemblage that were 
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fragmented before deposition should correlate with high values of Binford’s (1978) 
Marrow Utility Index or Morin’s (2007) Unsaturated Marrow Index. 
 In an assemblage generated by intensive marrow exploitation as well as 
consumption of unboiled bone grease, we expect heavy fragmentation of the bone shafts 
of marrow-bearing elements, and in addition heavy fragmentation of epiphyseal spongy 
bone. This results in low survivorship of complete epiphyses and small spongy bone 
fragment size. More intensive processing of spongy bone results in more attrition and 
smaller fragmentation of spongy bone. The skeletal parts represented in that assemblage 
should correlate with high values of both marrow and bone grease indices, such as 
Morin’s (2007) Unsaturated Marrow Index, and others (Binford, 1978; Metcalfe and 
Jones, 1988). 
 In an assemblage formed by boiling or cooking spongy bone for grease extraction, 
we expect an overall larger fragment size of spongy bone. These fragments will not have 
been meant for consumption, and so will not have been fully comminuted (Morin and 
Soulier, 2017).  We also expect to see some proxy evidence for fire in these assemblages, 
such as burned bone, or heat-altered sediments or lithics. 
We expect that if AMH gained an adaptive advantage by using resources more 
intensively than Neanderthals, this trend will be reflected in patterns of bone 
fragmentation, related to the more intensive extraction of bone fats. Assemblages 
generated by AMH should contain more heavily fragmented cortical and spongy bone, 
with skeletal part representation correlating with both marrow and bone grease indices. 
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Studies by Karr and Outram (2012; 2015) used experimental methods to track 
changes in fracture morphology over time under different environmental conditions. 
These experiments showed that when bones are exposed to refrigerated temperatures, 
bone degradation slows, but clear changes in fracture morphology are apparent when 
bones are fractured after being refrigerated for as little as two weeks (Karr and Outram, 
2015: 208). The rate of bone degradation is not directly correlated with the rate of bone 
fat degradation, however. Karr and Outram (2015) found that when bones are 
refrigerated, marrow remains edible, though somewhat soured, after as much as 5 weeks. 
Moreover, if bones are frozen, the marrow within appears preserved and edible, though 
freeze-dried and dehydrated, after more than a year (Karr and Outram, 2015: 210). 
Fracture morphology for frozen bones changed over that period, though degradation was 
slowed to a greater extent than for refrigerated bones. These findings are particularly 
useful for a study of bone fat processing in colder environments.
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*UMI values > 30% (Morin, 2007). Femur, tibia, metatarsal 
 
 Table 6: Expected patterning of faunal material for each of four consecutive bone fat extraction behaviors. 
Activity Elements 
affected 
FFI score 
for 
marrow 
bones 
(UMI 
above 10) 
Bone 
shaft frag. 
size 
% whole 
Epiphyses 
Spongy bone Correlation 
with Binford 
(1978) or 
Morin (2007) 
marrow utility 
index  
Low-
intensity 
marrow 
extraction 
 
High-
quality 
marrow* 
0-2 Larger 
fragment 
size 
Higher  Larger 
fragments 
Correlation 
with Morin 
index 
High-
intensity 
marrow 
extraction 
All marrow 0-4 Smaller 
fragment 
size 
Higher  Larger 
fragments 
Correlation 
with Binford 
index 
Bone grease 
(grinding/ 
gnawing) 
Long bone 
epiphyses 
0-4 Smaller 
fragment 
size 
Lower Smallest 
fragment size 
or absent 
spongy bone 
Low 
correlation 
with marrow 
index 
Bone grease 
(boiling) 
Any bone 0-4 Smaller 
fragment 
size 
Lower Small 
fragment size  
Low 
correlation 
with marrow 
index 
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Material and methods 
Assemblages 
We employed multiple faunal indicators to compare bone fat exploitation among 
five Middle and Upper Paleolithic assemblages from southwest France (Figure 6, Table 
4). We collected full taxonomic and skeletal part data from the unanalyzed and 
unpublished La Ferrassie Level 7 (Aurignacian, AMH) assemblage (Turq et al., 2014). 
Previously published Neanderthal assemblages from Jonzac Level 22 (Quina Mousterian, 
Niven et al., 2012;) and Pech de l’Azé IV (Pech IV) Level 4A (Quina Mousterian, Niven, 
2013) lacked specific details on breakage patterns, and we re-examined these faunal 
assemblages to collect fragmentation, size, and bone classification data. We also 
collected these data from the early Aurignacian (Level Abb) and Magdalenian (Level 0) 
assemblages from Grotte XVI (Grayson et al., 2001; Grayson and Delpech, 2003; Faith, 
2007). These metrics were then studied in concert with originally published datasets from 
those sites.  
At Jonzac, La Ferrassie, and Pech IV, faunal remains larger than 25 mm at the 
largest dimension were piece-plotted with a total station and individually bagged for 
analysis. Faunal remains smaller than this cutoff point were collected with the sediments 
in a bucket, and that bucket was provenienced with GPS coordinates. The sediments were 
then wet-screened through 6 mm mesh. An additional, smaller mesh was also used, but 
these fine materials were not sorted for fauna for this study. At Grotte XVI, similar 
procedures were followed, although a 1.5 mm mesh was used to screen all sediments. 
Potential effects of this methodological difference are addressed in the discussion below.   
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Measures of skeletal part abundance 
Faunal analysts commonly use NISP (number of identified specimens) and MNE 
(minimum number of elements) as measures of skeletal part abundances. Morin et al. 
(2016a; 2016b) identified problems with each of these measurements. NISP provides 
estimates of skeletal abundances that are statistically less robust than those based on 
MNE. However, an analysis of paired NISP-MNE data for 24 classes of elements showed 
that measures based on MNE tend to inflate the representation of rare parts (Morin et al., 
2016). We derive estimates of skeletal abundances from both NISP and MNE where 
possible for this study for three reasons. First, we are primarily concerned with abundant, 
rather than rare, skeletal part representation as a proxy for bone fat decision-making. 
Second, MNE values were not universally available in all published material on the sites 
included in this study Normed NISP (NNISP) values are used in the faunal analyses from 
Grotte XVI. Unpublished MNE values from Layer 4 at Pech IV were provided by Laura 
Niven [from unpublished monograph]. Third, Grayson and Frey (2004) demonstrated that 
NISP-based body-part analyses can replicate the results of analyses based on MNE as 
well as MAU (minimum animal units). An alternative measure is the Number of Distinct 
Elements (NDE) metric, developed by Morin et al. (2016b), which uses pre-determined, 
invariant landmarks to quantify skeletal part abundance without the necessity of 
identifying fragment overlap. However, as it was not possible to replicate this counting 
method across all assemblages, because this new method was not employed during the 
original analyses. 
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The Fracture Freshness Index (FFI) 
In each assemblage, to determine when bones were fractured relative to when the 
animal was killed, we collected fracture freshness data for each shaft fragment in each 
assemblage. The FFI assesses bone fracture based on three macroscopic criteria: 1) 
fracture outline, 2) angle of fracture surface to cortical surface, and 3) texture of fracture 
surface. Fresh, or “green”, breaks are characterized by a spiral fracture pattern, fractures 
at sharp angles to the cortical bone, and smooth fracture surfaces (Villa and Mahieu, 
1991; Outram, 1998, 2001; Karr, 2012; Karr and Outram, 2012). Breakage of degraded 
bone is characterized by straight, jagged, or stepped fracture outlines, right-angle 
fractures, and coarse fracture surfaces. Fresh bone fractures are generally expected to 
display a helical outline, in contrast to a diagonal transverse break (Figure 2), more 
characteristic of an older fracture. Following the criteria laid out by Outram (2001), we 
assigned a fracture score of 0 (green) to 6 (completely dry) to breaks on the longitudinal 
ends of piece-plotted long bone shaft fragments (Figure 7). 
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Figure 7: Illustration of fracture morphologies associated with Fracture Freshness Index 
scores of 0-6. 
   
 Following and adapting Outram and Karr’s research, we determined that FFI 
values from zero to four corresponded to marrow extraction activity. At an FFI score of 
4, where bone collagen degradation has reached the point where hammer strokes create a 
stepped breakage pattern, marrow would likely remain in an edible state, particularly if 
conditions were near or below freezing (Karr and Outram 2015). We determined an FFI 
score of 0-2 (within 1-2 weeks of the animal’s death, depending on climate conditions) to 
be the most likely signature for early post-kill marrow processing, while FFI scores of 3 
or 4 are signatures for marrow extraction five weeks or more after the kill. These scores 
represent either late-stage marrow extraction by the same group or individual who made 
the kill, or scavenging by another group or individual. An FFI score of 5 is a post-
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depositional break, related to trampling, bioturbation, or other taphonomic processes; we 
filtered all fragments with FFI scores of 5 or 6 (broken during excavation) out from 
analyses of fracture freshness. 
Bone type categories 
To determine the preferred types of bone fats in each assemblage, we classified 
each piece-plotted specimen in each assemblage into one of seven categories (Outram, 
2001; 2008, Karr, 2015): 
 
1. fragmented long bone epiphyses; 
2. axial cancellous bone (spongy bone from vertebrae, innominates, and ribs) 
3. fragmented unidentified cancellous bone 
4. dense diaphyseal cortical bone (shaft fragments) 
5. ribs, mandibles, and vertebral spines 
6. whole (complete) and partial (with complete epiphyses) bones 
7. other (e.g., cranial fragments, teeth) 
 
Each of these groups represents a specific source of bone fats. Long bone 
epiphyses, especially those of the femur, humerus, and tibia, contain high-quality bone 
grease, while the cancellous bone of the axial skeleton contains less valued fats that 
humans are less likely to exploit, based on substantial ethnographic evidence (Binford, 
1978; Speth and Spielmann, 1983; Lyman, 1994; Brink, 1997; Outram, 1998, 2001). The 
large medullary cavities of long bone shafts contain readily accessible marrow deposits, 
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while many other elements, including ribs, vertebrae, scapulae, and pelves, contain very 
little and less desirable marrow (Binford, 1978; Speth and Spielmann, 1983; Lyman, 
1994; Outram, 1998, 2001). Whole bones represent those not exploited for bone fats, 
while partial bones with a complete epiphysis suggest that these specimens may have 
been broken for marrow, but not bone grease. The category of “other” bones represents 
those with minimal fat content, unlikely to have been exploited for marrow or grease. 
 
Size categories 
In order to quantify the degree to which reindeer bones were fractured in each 
assemblage, all piece-plotted bone fragments were divided into 10-mm size increments 
(30-39, 40-49, etc., to 100+ mm). 
 
Spongy bone   
To determine whether spongy bone was likely to have been fractured for bone 
grease consumption, we recorded the number of complete and partial long bone 
epiphyses in each assemblage. We also analyzed a sample of approximately 10% of the 
total screened material (faunal material smaller than 25 mm and therefore not piece-
plotted) from each assemblage for evidence of burning and taphonomic attrition. All 
excavated sediment from Jonzac, La Ferrassie, and Pech IV was wet-screened through a 
6-mm mesh, while material from Grotte XVI was screened through a 1.5-mm mesh. 
Screened material was not identified to taxon, nor were FFI scores and bone fragment 
category recorded. A sample of screened material from each assemblage was divided 
 60 
between cortical and spongy bone, counted, and weighed in aggregate. Burning was not 
recorded for the screened material at Grotte XVI. 
 
Results 
Skeletal part abundance 
 Metatarsals are the most abundant element by NISP in all of the study 
assemblages, save Jonzac, where tibia fragments are slightly more numerous (Figure 8). 
At Jonzac and Magdalenian Grotte XVI, element abundance is more evenly distributed 
than in other assemblages. 
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Figure 8: Skeletal part representation for high-utility elements. 
 61 
 
 
Figure 8: Skeletal part representation for high-utility elements. 
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Correlations with utility indices 
Distributions of high-utility elements were plotted against Morin’s (2007) 
Unsaturated Marrow Index, Binford’s (1978) Meat Utility Index, and Metcalfe and 
Jones’ (1988) Complete Bone Utility Index (Figures 9-11). NISP was used rather than 
MNE because this measure was available across all assemblages. Tests of these utility 
indices with both NISP and MNE indicate that trends were consistent for both measures. 
We therefore determined that NISP could provide a meaningful indicator of utility 
patterning.  
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Figure 9: Assemblage correlations with the Unsaturated Marrow Utility Index (Morin, 2007). 
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Figure 9: Assemblage correlations with the Unsaturated Marrow Utility Index (Morin, 2007).  
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Figure 10: Assemblage correlations with the Meat Utility Index (Binford, 1978). 
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Figure 10: Assemblage correlations with the Meat Utility Index (Binford, 1978). 
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Figure 11: Assemblage correlations with the Complete Bone Utility Index (Metcalfe and Jones, 1988). 
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Figure 11: Assemblage correlations with the Complete Bone Utility Index (Metcalfe and Jones, 1988).  
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Of all the study assemblages, Jonzac shows the strongest correlation with any utility 
index. Correlation with the Unsaturated Marrow Index (Figure 9) is consistent with the 
interpretation of Jonzac as a short-term hunting site with butchery and expedient marrow 
processing as the primary activities. Weak correlations between the remaining 
assemblages and any of the other indices may have a number of explanations. The 
accumulation of skeletal remnants from multiple types of carcass processing may muddy 
the interpretation, or diagenesis may have affected aspects of skeletal part representation. 
The sample size at La Ferrassie is extremely small (MNI = 2), and this likely affected the 
outcome of the utility tests for this assemblage 
 
Bone fracture freshness 
The data presented in Figure 12 include only fragments with both ends fractured prior to 
deposition. Pech IV and the Aurignacian assemblage of Grotte XVI display a relatively 
normal distribution with a mean FFI score around two. The Magdalenian assemblage of 
Grotte XVI has a higher mean FFI score, although approximates a normal distribution as 
well. Both Jonzac and La Ferrassie have lower mean FFI scores, with La Ferrassie close 
to zero and Jonzac less than one. 
 
 
Figure 12: Bone fracture freshness distributions; FFI scores of 5 or 6 are excluded. 
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Shaft fragment size distribution 
 
Shaft fragment size distributions appear to follow two patterns among these sites 
(Figure 13). Pech IV and the Aurignacian and Magdalenian levels at Grotte XVI display 
a relatively normal distribution with a mean size around 40-50 mm. Jonzac and La 
Ferrassie, in contrast, appear as decay curves with the smallest fragments the most 
frequent. 
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Figure 13: Bone shaft fragment size distribution. 
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Figure 13: Bone shaft fragment size distribution.
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Screened material  
 
 Table 7 indicates the proportions of spongy to cortical bone in the screened 
material from each assemblage by both count and mass.   The mass: sum ratio for both 
cortical and spongy bone provides a proxy for fragment size. Fragment size is largest in 
both levels of Grotte XVI, and smallest at Jonzac. Larger fragment size at Grotte XVI 
may indicate some diagenesis of smaller fragments. 
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Table 7: Proportions of spongy versus cortical bone in screened material from study assemblages.  Blank cells represent data 
not collected 
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 Jonzac Pech IV LAF GXVI Abb GXVI 0 
Total sum cortical (n) 38454 5358 11035 1829 2419 
Total sum spongy (n) 16337 394 1185 44 37 
Total mass cortical (g) 5677.6 2805.7 3611.9 463.9 811.2 
Total mass spongy (g) 2635.6 194.8 372.6 27.2 26.7 
sum cortical:spongy 2.35 13.60 9.31 41.57 65.38 
mass cortical:spongy 2.15 14.40 9.69 17.06 30.38 
mass:sum cortical 0.15 0.52 0.33 0.25 0.34 
mass:sum spongy 0.16 0.49 0.31 0.62 0.72 
% burned cortical < 0.01 3.70 8.04     
% burned spongy 0 26.40 16.88    
% burned total <0.01 30.10 24.92   23.28 34.96 
 
Table 7: Proportions of spongy versus cortical bone in screened material from study assemblages. Blank cells represent data 
not collected.
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Epiphyses and spongy bone size distribution 
 
Complete epiphyses are rare in most of the study assemblages, representing less 
than 4% of the total NISP in all cases except the Magdalenian level of Grotte XVI, where 
epiphyses represent 7.5% of total NISP (Table 8). Average size of spongy bone 
fragments and proportion of spongy to cortical bone in screened material (Table 7) are 
indicative of heavy fragmentation of epiphyseal bone, leading to attrition of this material. 
Whether this fragmentation was the result of processing activity or post-depositional 
processes is difficult to determine. 
Spongy bone may also have been preferentially destroyed through fire, although 
we cannot directly observe this from the faunal material. This hypothesis is supported in 
part, however, by the high ratios of cortical to spongy bone at Pech IV, La Ferrassie, and 
Grotte XVI relative to Jonzac. If there was little fire use at Jonzac (Niven et al., 2012), 
then this provides a baseline for bone fat processing without fire. More spongy bone loss 
at each of the other assemblages as well as burned spongy bone in the screened material 
may indicate the use of bone as fuel.  
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Figure 14: Representation of appendicular, axial, and miscellaneous spongy bone in the 
faunal remains captured during screening of sediments placed in buckets, showing larger 
proportions of axial bone at Jonzac and Pech IV. Lesser proportions of appendicular 
bone, particularly at Jonzac, may reflect direct consumption of epiphyseal bone.  
 
Percentages of complete epiphyses 
Overall, complete epiphyses are extremely rare in all the study assemblages 
(Table 7). Grotte XVI Level 0 contains the highest percentage of complete epiphyses. 
Grotte XVI Level Abb contains the next highest percentage, although this is only slightly 
more than half the percentage in Level 0. The amount of complete epiphyses in these 
assemblages may reflect a different use for appendicular spongy bone other than 
consumption, such as fuel for fire.   
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 Jonzac Pech IV La Ferrassie Grotte XVI 
Abb 
Grotte 
XVI 0 
Complete 
epiphyses 
246 74 47 32 140 
Total 
NISP 
8723 2264 4401 834 1867 
% NISP 2.82 3.27 1.07 3.84 7.50 
 
Table 8: Frequency of complete epiphyses. 
 
Testing for density-mediated patterning 
 We tested element survivorship for bone shaft fragments against computed-
tomography-based bone density rankings from Lam et al. (1999). We compared the 
survivorship of high-utility long bones (Figure 15) against the expected density-based 
survivorship of the same elements. According to Lam, the femur should have the highest 
survival rate, followed by the tibia, humerus, metacarpal, radius, and metatarsal. The 
ranking of elements in each assemblage is quite different from this expected pattern. The 
exception is Jonzac, and this is consistent with a short-term hunting site where entire 
carcasses were brought in for processing.  
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Figure 15: Percent survivorship of high-utility long bone elements in each study assemblage 
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Figure 15: Percent survivorship of high-utility long bone elements in each study assemblage. 
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Discussion 
Identification of bone fat exploitation strategy 
In Level 22 at Jonzac, low FFI scores provide evidence for early post-kill marrow 
extraction from long bones. Small overall fragment size indicates heavy fragmentation of 
individual elements, with preferential intensive marrow extraction from the tibia and 
metatarsal. Low representation of complete epiphyses, along with a low mass:sum ratio 
for spongy bone suggests the possible comminution or gnawing and consumption of 
epiphyseal bone. Absence of burned piece-plotted bone in Level 22 Jonzac (Niven et al., 
2012) and the near-total absence of burning on screened bone fragments, indicates that 
bone grease was not rendered through cooking or boiling. 
In Level 4 of Pech IV, FFI scores indicate both early and later-stage marrow 
extraction from long bones. Fragment size distribution suggests a general trend of heavy 
fragmentation overall. This may reflect a response to environmental stress by processing 
individual carcasses more intensively. Low representation of complete epiphyses, along 
with a low mass:sum ratio for spongy bone suggests the possible fragmentation of spongy 
bone for consumption. Hodgkins et al. (2015) note that epiphyseal fragmentation tends to 
be high at Pech IV in levels associated with harsher climate conditions and lower in 
levels associated with temperate conditions, suggesting that these harsher conditions 
necessitated more intensive processing of prey animals. The percentage of burned bone 
(30.1%) in the screened fauna from the assemblage contrasts with minimal evidence for 
fire features in the Quina Mousterian levels of Pech IV (Goldberg et al., 2012). This 
suggests that perhaps spongy bone was occasionally used as fuel in more ephemeral fires, 
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and that bone grease may have been consumed without boiling. The representation of 
burning in the screened spongy bone may be a reflection of the loss of structural integrity 
of bone when subjected to burning. Further tests for proxies for fire use at Pech IV would 
significantly aid the interpretation of behavior at the site.  
At La Ferrassie, low FFI scores indicate early post-kill marrow extraction from 
long bones, with overall heavy fragmentation. Metatarsals were extensively fragmented. 
Representation of complete epiphyses is the lowest of all the study assemblages, although 
the mass:sum ratio for spongy bone at La Ferrassie is nearly twice that at Jonzac. This 
may indicate the deliberate fragmentation, though not the ingestion of spongy bone, and 
may be the result of epiphyses fragmented for boiling. Level 7 of La Ferrassie contains 
very little piece-plotted burned bone (n =7), but a relatively high percentage of burned 
bone in the screened material (25%). There are no heat-altered flints or sediments to 
suggest hearths. Representation of burned spongy bone may again be skewed by the 
effect of burning on the survivorship of larger pieces of spongy bone. At the very least, it 
is likely that the inhabitants of La Ferrassie had occasional access to fire, and may have 
been using spongy bone as fuel. Without more data on other proxies for fire use, we 
cannot confirm that spongy bone was boiled at La Ferrassie. 
In level Abb of Grotte XVI (Aurignancian), FFI scores indicate both early and 
later-stage marrow extraction from long bones. Fragment size distribution suggests a 
greater evenness in fragmentation than in any of the other study assemblages, although 
metatarsals, tibiae, mandibles, and metacarpals are most abundant. Level Abb has the 
second-largest percentage of complete epiphyses of all the study assemblages (4%), 
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though this percentage is still quite low. This in combination with the second highest 
mass:sum ratio for spongy bone suggests that epiphyses were not ground for 
consumption. 
In level 0 of Grotte XVI (Magdalenian), overall trends are similar to those 
apparent in the earlier Aurignacian level. FFI scores indicate both early and later-stage 
marrow extraction, although there is less evenness in preferential fragmentation. Level 0 
contains the highest number of complete epiphyses and the highest mass:sum ratio for 
spongy bone. This may suggest that bone grease from long bone epiphyses was not a 
highly-valued resource. Alternatively, the complete epiphyses at Grotte XVI might 
represent an instance of storage (e.g., Manne et al., 2014). 
Screening procedures at Grotte XVI may also account for some of the patterning 
in spongy bone size. While materials from Jonzac, Pech IV, and La Ferrassie were 
screened through 6 mm mesh, faunal material excavated from Grotte XVI was screened 
through 1.5 mm mesh. Therefore, larger fragments are likely to have been preserved. 
While this may have biased the representation of spongy bone size when mass:sum ratios 
were calculated, the percentage of complete epiphyses in both levels at Grotte XVI is 
larger than in any other assemblage by a considerable margin. This reflects a different 
treatment of spongy bone at Grotte XVI, and it is therefore reasonable for overall size of 
spongy bone fragments to be larger in the Grotte XVI assemblages. 
Diagenesis may also account for some of the patterning in these assemblages, 
particularly at Grotte XVI. Similarity in FFI score and fragment size distribution may 
seem to be indicators of behavior, but may also reflect an overall process that has affected 
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the entire site.  
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Table 9: Patterning in each faunal assemblage based on collected metrics. 
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Site Elements most 
affected 
Mean FFI 
score 
Mode size 
class 
Whole 
epiphyses 
(%NISP) 
Mass cortical: 
mass spongy 
(proxy fragment 
size) 
Jonzac Level 
22 
 
Tibia, metatarsal 1.2 30-39 mm  2.8 2.2 
Pech IV Level 
4 
Metatarsal 2.9 50-59 mm 3.3 14.4 
La Ferrassie 
Level 7 
Metatarsal 0.1 30-39 mm 1.1 9.7 
Grotte XVI 
Level Abb 
Metatarsal 2.0 50-59 mm 3.9 17.1 
Grotte XVI 
Level 0 
 
Metatarsal 2.4 50-59 mm 7.5 30.4 
 
 
Table 9: Patterning in each faunal assemblage based on collected metrics. 
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Distinctions between Neanderthal and AMH behavior 
Across Neanderthal and AMH assemblages, we see evidence for both intensive 
and lower-intensity bone fat exploitation. Marrow is a key resource across populations, 
particularly marrow from the tibia and metatarsal. However, the different levels of 
spongy bone fragmentation across the study assemblages may suggest a difference in 
grease exploitation strategies indicative of species. Based on spongy bone fragment size 
and representation of epiphyses, AMH at La Ferrassie and Grotte XVI may have boiled 
spongy bone to extract grease, or used spongy bone as fuel. In the absence of more 
evidence for fire use at these sites, however, we cannot conclusively determine whether 
this behavior took place. 
Théry-Parisot et al. (2002) demonstrated experimentally that the spongy parts of 
long bones, and particularly the distal ends, are more combustible than compact cortical 
bone. Combustion of spongy bone is characterized by the production of high, durable 
flames and the absence of a calcination phase of the bone. This research concluded that 
bone is more suitable than wood for hearths, whose function is related to creating 
convective and radiant heat. In glacial environments, which are typically less heavily 
forested, wood fuel might be scarce, and bone fuel might be preferable. The presence of 
burned spongy bone in the screened material from Level 4 at Pech IV, Level 7 at La 
Ferrassie, and Levels Abb and 0 Grotte XVI may indicate that the inhabitants of these 
sites used bone as fuel, and made small enough fires, or used fire infrequently enough 
that no definitive archaeological trace remains. Alternatively, burning and calcining may 
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have rendered spongy bone sufficiently fragile that post-depositional processes removed 
significant portions of burned material, masking traces of fires.  
 
Distinctions in site function 
 
Bone fat exploitation intensity may be associated more closely with site function, 
mobility, and habitation patterns than with hominin species. Jonzac, interpreted as a 
short-term Neanderthal hunting site (Niven et al., 2012), displays an extremely similar 
pattern of marrow extraction timing and intensity to the early Aurignacian level of La 
Ferrassie. The AMH inhabitants of La Ferrassie may have used the site as a seasonal 
camp to take advantage of reindeer migration patterns (Niven et al., 2012; Britton et al., 
2011). 
The assemblages from the Aurignacian and Magdalenian levels of Grotte XVI 
and the Quina Mousterian levels of Pech IV display a relatively even distribution of 
fracture patterning and fragment size distribution. This evenness may indicate an 
accumulated palimpsest of longer occupations. Alternatively, this patterning may be 
indicative of more intensive and comprehensive processing of skeletal elements as a 
response to more demanding environmental stresses. 
Long bone epiphyses in the Magdalenian level at Grotte XVI are more abundant 
in terms of %NISP than in any of the other assemblages, and more than twice as 
abundant than in the Aurignacian level at the same site (Table 9). This may reflect a 
preference by Magdalenian occupants of Grotte XVI for bone grease derived from other 
sources, such as axial spongy bone or boiled cortical bone. Reindeer are less abundant in 
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the Aurignacian level than in the Magdalenian level (58% and 94%, respectively), but 
still three times as abundant as the next best-represented large herbivore. This likely 
reflects the availability of prey taxa on the landscape, rather than selective hunting 
(Grayson et al., 2001). It is also possible that the inhabitants of Grotte XVI during the 
Aurignacian and Magdalenian may have supplemented their diet with additional 
resources, as both assemblages contain bird and fish remains, though incorporation of 
these materials was outside the scope of this study. 
 
Conclusions 
 Evidence for marrow extraction from long bones is present across all study 
assemblages, and there is no apparent correlation between species and intensity of 
marrow processing. It is likely that the fats available from bone marrow were such a 
necessary resource, especially during colder periods when plant foods were not as 
abundant to supplement a protein-heavy diet, that both Neanderthals and AMH consumed 
them in similar amounts. 
 In patterning that reflects bone grease consumption strategies, we see differences 
that may correlate with species. Spongy bone fragment size and epiphyseal representation 
in the Neanderthal assemblages from Jonzac and Pech IV are more consistent with 
grinding of spongy bone for consumption, while larger spongy bone fragment size in the 
AMH assemblages from La Ferrassie and Grotte XVI could be consistent with 
fragmentation of spongy bone for boiling. Burned bone in the screened material from 
these sites may also indicate that spongy bone was used for fuel. 
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 This study could benefit from a number of additional datasets that would broaden 
our understanding of economic decisions related to bone fats by Neanderthals and AMH. 
First, the same metrics used in this study could be applied to a wider range of 
Neanderthal and AMH faunal assemblages from southwest France and from elsewhere in 
Europe. Second, the incorporation of the criteria for spongy bone fragmentation 
developed by Morin and Soulier (2017) would generate a higher-resolution picture of 
differences in high-intensity bone fat processing strategies between Neanderthals and 
AMH. Finally, incorporation of multiple proxies for fire from any faunal assemblage 
under scrutiny would corroborate any evidence for fire use found in the faunal record and 
help to confirm bone fat rendering in an assemblage. 
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Chapter 4: Criticality, resilience, and scale in modeling Neanderthal extinction 
 
 
Introduction 
 
What would have happened if anatomically modern humans (AMH) had never 
crossed from Africa into Europe? Neanderthals, our closest ancient relative, occupied 
Europe for more than 200,000 years. This time span included multiple climatic shifts, 
some slow and some rapid. The Neanderthal population likely expanded and contracted 
throughout this period, but they remained a dominant species across Europe. Without 
competition from any other human group, there is little reason to suppose that 
Neanderthals would not have persisted through at least the end of the Pleistocene. We 
know, however, that this was not the case. Between 41,030 and 39,260 calibrated years 
BP (Higham et al., 2014), Neanderthals went from a top predator to an extinct species. 
The process of and reasons for Neanderthal extinction are still a topic of debate, but there 
is a general consensus that the arrival of AMH in Europe was in large part responsible for 
Neanderthal extinction (Stewart, 2004; Banks et al., 2008; Hoffecker, 2012; Kobayashi, 
2013; Gilpin et al., 2015) 
Three factors dominate the discussion of the processes behind Neanderthal 
extinction. First among these is differentiation between Neanderthals and AMH in 
anatomical shape and body proportions. Bodily, Neanderthals were bulkier, with more 
robust musculature. Their thick bones display prominent muscle attachment features. 
Reconstructions of body mass from Neanderthal and AMH fossils estimate that adult 
male Neanderthals weighed approximately 78 kg and adult females approximately 66 kg, 
while adult male AMH from Upper Paleolithic Europe weighed approximately 69 kg and 
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females approximately 59 kg (Ruff et al., 1997; Froehle and Churchill, 2009). These 
physical differences resulted in differences in locomotion, daily energy costs, and 
thermoregulation (Ruff, 1994; Steegmann et al., 2002, but see Rae et al., 2011), which 
lead to higher metabolic costs in Neandertals. Higher daily metabolic costs for 
Neanderthals may have translated to an adaptive disadvantage once Neanderthals were 
competing for resources in the same niches as AMH (Banks et al., 2008; Goldfield et al. 
n.d.a.). 
 A second possible agent of Neanderthal extinction is behavior. Any adaptive 
change in technology or resource use that increased subsistence efficiency would have 
increased the likelihood that AMH would outcompete Neanderthals, while behaviors that 
provided an advantage for Neanderthals would have had the opposite effect. These 
behaviors could include changes in tool technology (Villotte et al., 2010; Hardy et al., 
2013), differences in social behavior (Henry et al., 2012; Ruebens, 2013) and the breadth 
of resources exploited (Henry et al., 2014; Manne et al., 2014), and increased intensity of 
resource exploitation (Jones, 2009; Starkovitch, 2012), among others. 
 A third possible contributor to Neanderthal extinction is the influence of 
stochastic environmental forces, such as rapid climate fluctuations (Bradtmöller et al., 
2012; Kobayashi, 2013; El Zaatari et al., 2016). If Neanderthals and AMH possessed 
different capacities to adapt to rapid shifts in their environment, the population that was 
most capable of adapting to rapid climatic shifts would be more likely to persist. 
 I explore the effects of these three factors on Neanderthal extinction through an 
integrated theoretical framework that bridges concepts from self-organizing criticality 
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(SOC) theory and resilience thinking (RT). SOC explores how interactions at the scale of 
the individual can drive emergent, species-level events, such as extinction. RT provides a 
systems-level framework for understanding how interactions between Neanderthals, 
AMH, their resources, and the landscapes they inhabited may have led to population 
instability and collapse. These frameworks provide a means to identify how the arrival of 
AMH in Europe represents a threshold point for the demise of Neanderthals and to 
explore how differential physiology and behavior, including responses to environmental 
change, contributed to the rate of extinction.  
 
Theoretical frameworks 
Self-organizing systems and criticality 
 General systems theory, first developed in the 1940s by biologist Ludwig von 
Bertalanffy, was initially formulated with the intention of creating rules that could define 
how any system functions (Trigger, 2006). In this context, a “system” is a set of 
interacting parts that forms a complex, intricate whole (Bak and Paczuski, 1995; Solé et 
al., 1999). The interacting parts of a system, whether biotic or abiotic, are termed 
“elements.” A system is defined by spatial and temporal boundaries, and influenced by its 
environment. When applied to archaeology, systems theory allowed archaeologists to 
study not only the processes that sustained a particular social structure, but also the 
processes that changed it (Trigger, 2006; 420). 
Complex systems theory developed from general systems theory as a way to adapt 
to the recognition that while the elements in a system follow certain rules that can be 
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formulated, systems cannot be fully reduced to their constituent parts. New elements can 
enter the system, passing on new energy and information. Interactions among elements of 
a system occur in dynamic, non-linear ways. New forms of behavior occur, in a 
phenomenon known as emergence, and these new behaviors can change the trajectory of 
the entire system (Nicolis and Prigonine, 1977; Jørgensen et al., 1998; Pascual and 
Guichard, 2005). 
 A key concept arising from complex systems theory is the self-organizing system. 
Self-organization occurs in many physical, chemical, biological, and cognitive systems 
(Bonabeau et al., 1999; Serugendo et al., 2005; Hesse and Gross, 2014; Wetzany, 2014) 
and is a process through which some form of overall order arises from local interactions 
between parts of an initially disordered system. Many natural systems are self-organizing. 
Bak (1996) discusses the self-organizing properties of sand piles, landscape formations, 
earthquakes, solar flares, and biological evolution. Jørgensen et al. (1998) assert that all 
ecosystems are self-organizing by nature. Self-organizing systems theory focuses on 
identifying how local changes can cause global transformations in a system. As such, it 
can be applied as an explanatory framework to question the meaning behind the 
emergence of certain patterns in human systems. 
A key property of self-organizing systems is criticality. Criticality occurs in a 
self-organizing system poised at the point of a phase transition, or bifurcation. This is an 
instance where change could lead to more than one new system regime. The influence of 
small-scale interactions within the system determine the direction of the system shift. We 
can apply this framework to an instance where the outcome of a system change is known 
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in order to explore small-scale interactions that may have led to that outcome versus 
another. Archaeological evidence provides a record for Neanderthal extinction following 
AMH arrival. Self-organizing criticality (SOC) theory provides a unique means to 
explore how, on the scale of the individual or small group, differences in physiology 
and/or behavior between Neanderthal and AMH may have pushed the Paleolithic system 
in the direction of Neanderthal extinction and AMH persistence.  
  
Resilience thinking 
 Resilience thinking (RT) was originally developed in ecology (Holling, 1973), 
and, like SOC, is an approach to understanding how and why change occurs within 
complex systems (Gunderson and Holling 2002; Holling, 1973; Miller et al., 2010). In 
archaeological research, RT has become a powerful tool for conceptualizing the 
relationships between human behavioral adaptations (e.g., mobility, economy, and social 
development) within their external environmental settings (Redman, 2005; Bradtmöller 
2017). 
 A key assumption of RT is that both stability and change are integral components 
of systems. This allows us to think of significant regime shifts as the cumulative product 
of interactions between system components and their environment, rather than “collapse 
events” or “moments of creative destruction” (Holling, 2001: 398). RT helps to explain 
events that take place over highly variable time scales (see Bradtmöller 2017 for a review 
of case studies), but is an especially useful perspective for long-term processes. Scales of 
change, and interactions across those scales, are a key component of RT (Redman 2005; 
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Cumming et al. 2006; Marston 2015). Gradual change in a “slow” variable may alter the 
interactions between “fast” variables, leading to tipping points of system transformation 
(Holling, 2002). In the case of the Middle to Upper Paleolithic transition, changes in birth 
rates, population demographics, or climate (slow variables) have the ability to influence 
fast variables that operate on shorter time frames, such as economic decisions and 
resource use. 
 RT provides a means of examining potential stable states for a given landscape. 
The concept of stable states is best illustrated by means of “hill and valley landscapes 
(e.g., Scheffer et al., 2003: 650)” representing stability properties at different external 
conditions (Figure 1). The ball represents the state of the ecosystem. The hilltop 
represents a possible stable state for the ecosystem, and the valley another. Changes in 
external conditions can affect the slopes between the hilltops and the valleys, and 
increase or decrease the likelihood that the ball will move to a new system state. 
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Figure 16: “Hill and valley” representation of alternative stable states for an ecosystem. 
Adapted from Scheffer et al., (2003). 
 
Characterization of thresholds 
SOC thresholds 
SOC frameworks characterize a threshold as a point of bifurcation, where the 
system is poised for large-scale change in one or more directions. The canonical model 
for SOC is a sand pile on a table, which starts from a flat configuration and onto which 
sand is dropped randomly. This is a dynamic system with many degrees of freedom, 
represented by each sand grain as it hits the pile. The flat state has the lowest energy and 
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represents general equilibrium. Initially, while the pile remains low, each grain of sand 
will stay more or less where it is dropped. Eventually, as the pile becomes steeper, small 
avalanches occur. The addition of a single grain of sand can cause a local disturbance, but 
no dramatic collapse occurs. Eventually, the system reaches a state where the amount of 
sand added is balanced by the amount of sand leaving along the edges of the table. This 
state is stationary, but a single grain of sand might cause an avalanche that flattens the 
entire pile. A small change in the system might cause what would in a different system 
state be an insignificant event to become catastrophic (Bak and Paczuski, 1995). 
Of particular relevance when considering regime shifts in nature are the patterns 
that develop near these critical points of transition (Pascual and Guichard, 2005). In many 
documented ecological examples of criticality, local interactions develop into “patches” 
of connected demographic distribution. These patches are similar in the distribution of 
their component parts, and so a factor that affects one patch is likely to have the same 
effect on any surrounding patches.   
 
RT thresholds 
RT frameworks approach thresholds as changes in internal or external factors 
acting on a system that cause the system to move on a path towards an alternative stable 
state (see Figure 1). As a result of reaching a threshold, parts of the system break down 
and functional structures and networks within that system are reordered (i.e., the “ball” 
travels from one valley to another because the shape of the hills between the valleys has 
changed). Based on the ability of a system to maintain vital functions across this phase, 
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Walker et al. (2006) define three impact levels that strongly affect the character of the 
reorganized regime after a threshold has been passed: 
 
1. The system remains within the same regime and recovers. 
2. The system shifts to a different regime but retains the same elements. 
3. The system shifts into a different regime with different elements.  
 
 RT also allows us to consider whether a system may have been particularly 
vulnerable prior to a regime change. Rare events, such as the arrival of an invading 
species or rapid climate fluctuations, can unpredictably shape systems at critical times or 
at locations of increased vulnerability (Holling, 2010: 52). We can investigate the state of 
local climatic conditions, trends in Neanderthal behavior, and Neanderthal physiology at 
multiple chronological and geographic scales to determine whether any of these factors 
might have made Neanderthal metapopulations or the Middle Paleolithic system 
particularly susceptible to change. 
 
Operationalizing the threshold concept 
 
The arrival of AMH in Europe is a significant threshold point in the timeline of 
the Paleolithic, but should not be seen as a single event, followed by a homogenous 
pattern of response. The landscape of Paleolithic Europe was patchy and genetic evidence 
suggests that, prior to the arrival of AMH, there were different Neanderthal sub-groups in 
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western and southern Europe (Fabre et al., 2009). Furthermore, this evidence suggests 
that the size and density of the Neanderthal population were not constant and that some 
migration occurred between these sub-groups.  Neanderthal groups tended to be mobile, 
with changes in mobility patterns and local population densities corresponding to climatic 
conditions and resources availability (Delagnes and Rendu, 2011; Ready, 2013). 
Therefore, the arrival of AMH in Europe is better conceptualized as repeated 
introductions of a new hunter-gatherer group into different “population patches,” or 
metapopulations, over time. Each of these introductions, and interactions between 
Neanderthals, AMH, and the local ecological system had the potential for several 
different outcomes. The cumulative effect of these outcomes over the course of thousands 
of years and more than a thousand generations resulted in Neanderthal extinction. 
In order to understand how this process took place, therefore, we need to 
incorporate the small-scale interactions and their cumulative effects into the entire picture 
of the Middle to Upper Paleolithic transition. We apply SOC to determine how repeated 
individual interactions and decision making over a long time period might result in large-
scale change. We apply RT to explore possible stable states upon the arrival of AMH into 
a metapopulation and to consider the variables that contributed to the stable state 
supported by the archaeological record. We can also explore why this system did not 
reach a different stable state. There are four potential stable equilibria for the system of 
Paleolithic Europe after the arrival of AMH: 
 
1. An ecological system without any hunter-gatherer populations; 
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2. An ecological system where both Neanderthals and AMH are present; 
3. An ecological system where only Neanderthals are present; 
4. An ecological system where only AMH are present. 
 
We can rule out the first of these scenarios; the archaeological record provides proof that 
Paleolithic Europe was occupied by hunter-gatherer populations. We can use the 
archaeological record to test whether a stable state could have existed with both 
Neanderthals and AMH living in balance. We can confirm that Scenario 3 is a possible 
stable state, since Neanderthals persisted for more than 200,000 years in Europe without 
the presence of AMH, and given ideal conditions may have been able to survive at least 
through the end of the Pleistocene. We also know that Scenario 4 is a possible stable 
state, since it is the state that persisted from c. 40,000 years ago until the end of the 
Pleistocene. 
 
Modeling extinction scenarios 
Scenario 1: The role of physiology 
 The Neanderthal body was more robust and energetically costly than the bodies of 
anatomically modern humans (Ruff, 1994, 1997; Sorensen and Leonard, 2001; 
Steegmann et al., 2002; Froehle and Churchill, 2009). This may have been a factor of the 
need for more efficient thermoregulation in the colder climates of Europe (Steegmann et 
al., 2002). However, higher metabolic costs may have been an adaptive disadvantage for 
Neanderthals when AMH populations entered the local landscape, since both species 
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shared an ecological niche (Banks et al., 2008). With lower individual caloric needs, a 
population of AMH could be larger than a population of Neanderthals and still remain 
within the carrying capacity of a given patch of resources. 
 Comparisons between Neanderthal and AMH physiology also factor into 
discussions of locomotion and foraging/hunting efficiency. For example, the endurance 
running hypothesis suggests that distance running played an important role in the hunting 
strategies of early Homo (Lieberman et al., 2006). Raichlen et al. (2011) evaluated the 
running economy (the energy cost of running at a given constant speed) of Neanderthals 
and early AMH using the length of the calcaneal tuberosity. The length of the calcaneal 
tuber is strongly related to elastic strain energy storage in the Achilles tendon. Shorter 
calcaneal tubers allow for greater storage and release of this energy, reducing energy 
costs for walking and especially for running. The Neanderthal calcaneal tuber is 
relatively longer than that of AMH, meaning that Neanderthal locomotion was less 
efficient overall. Additionally, running down prey over long distances, a strategy thought 
to be effective for AMH hunters in warmer climates, would have been a far more 
energetically costly hunting strategy for Neanderthals (Raichlen et al., 2011). 
 Weaver and Steudel-Numbers (2005) compared the lower limb proportions of 
Neanderthals and AMH to determine whether the shorter limbs of Neanderthals would 
have cost them energy relative to their Upper Paleolithic successors. The study concluded 
that based on shorter lower limb length and larger body mass together, the differences in 
energetic cost between Neanderthals and AMH would have been on the order of 
hundreds of kilocalories per day. 
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 Finally, Goldfield et al. (n.d.a) used estimates of Neanderthal and AMH daily 
metabolic costs, based on skeletal reconstructions, to model population success of each 
group based on a series of environmental parameters. Reproductive success was based on 
caloric intake, and total energy expenditure was based on estimates of daily kilocalorie 
consumption (Froehle and Churchill, 2009; Snodgrass and Leonard, 2009), daily activity 
levels, and the metabolic cost of digestion. The model described the relationships 
between the most important features of a realistic population of Neanderthals, AMH, and 
prey species. The outcomes of the model illustrated that in the absence of direct 
competition for the same resources between the two species, the AMH population still 
outcompetes the Neanderthal population due to lower absolute energy costs. When direct 
competition is introduced into the model, the rate of Neanderthal extinction increases 
significantly. Based on this body of work, physical differences between Neanderthals and 
AMH could have played a significant role in determining the outcome of interactions 
between the species on different scales.  
 
Scenario 2: The role of subsistence behavior 
 Due to the role of diet in determining ecology and behavior, Neanderthal and 
AMH subsistence strategies have been central in Paleolithic research. Until recently, 
Neanderthals were most often portrayed as big game hunters who based the majority of 
their diet on large terrestrial herbivores, while AMH exploited a wider set of animal and 
plant resources. However, a large number of studies in the past decade have demonstrated 
that Neanderthals in resource-rich areas such as the Mediterranean coasts of Europe and 
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the southern Iberian Peninsula (Bradtmöller et al., 2010; Colonese et al., 2011) exhibited 
a wide range of behaviors and exploited a wide range of resources including marine and 
riverine prey, birds, and small, fast mammals (Hardy and Moncel, 2011; Hardy et al., 
2013; Buck and Stringer, 2013; Blasco et al., 2014). 
 We currently know relatively little about the plant component of the Paleolithic 
diet, particularly that of Neanderthals (Fiorenza et al. 2015). Most archaeological 
evidence for plants in the Middle Paleolithic diet comes from the Levant and the Near 
East. Charred seeds have been found in the Mousterian levels of Kebara (Lev et al., 2005) 
and phytoliths from edible plants have been recovered from sediments in a number of 
Near Eastern Neanderthal sites (Henry et al., 1996, 2004; Albert et al., 1999, 2000; 
Rosen, 2003). In France, some direct evidence for Neanderthal plant use comes from 
studies of residues on stone tools (Hardy and Moncel, 2011; Hardy et al., 2013) and in 
Neanderthal tooth calculus (Henry et al. 2011, 2014). This body of evidence continues to 
increase, and demonstrates behavioral overlap in resource selection between 
Neanderthals and AMH. 
 Another instance of behavioral commonality between Neanderthals and AMH is 
the manufacture of fire in the Paleolithic. This topic remains a matter of much scholarly 
debate (Sandgathe and Dibble, 2017). However, archaeological evidence indicates that 
some groups of Neanderthals were knowledgeable about the properties of fire and used it 
as a tool for fire, light, and cooking (Henry et al., 2011; Blasco et al., 2016) and for 
heating pitch for hafting (Sykes, 2015). Evidence for fire use by Neanderthals has also 
been found in multiple Middle Paleolithic sites in France (Rots et al., 2011; Sandgathe et 
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al., 2011; Sorensen et al., 2014; Sorensen and Rots, 2014; Rots, 2015; Sorensen and 
Claud, 2016; Heyes et al., 2016). While Paleolithic populations may not have universally 
been able to manufacture fire (Sandgathe and Dibble, 2017), evidence for the technology 
is found in both Middle and Upper Paleolithic contexts. 
  Gilpin et al. (2015) constructed a model based on cultural competition. This 
model demonstrated that a difference in culture level or a difference in underlying 
learning ability (e.g., the knowledge of a particular technology) produces competitive 
exclusion of a Neanderthal population by an initially smaller AMH population. Goldfield 
et al. (n.d.a) operationalized this approach to model the impact of fire use on Neanderthal 
and AMH population success. This study concluded that fire use by AMH amplified the 
effect of existing metabolic differences between Neanderthals and AMH. If AMH 
incorporated a cooked diet more frequently than Neanderthals, the rate of Neanderthal 
extinction increases. Moreover, fire use is compounded by direct competition between 
Neanderthals and AMH so that when both parameters are included in the model, the rate 
of Neanderthal extinction increases by orders of magnitude.  
 The breadth and intensity of resource use is an important aspect of subsistence 
that has consistently been used as a marker for distinguishing Neanderthal and AMH 
behavior. Resource intensification is frequently linked to transition periods in human 
prehistory, including the transition from hunter-gatherer societies to the beginnings of 
sedentism and agriculture (Zeder 2015; Zeder et al., 2016). Animal resource 
intensification has typically been investigated in terms of species distribution, abundance 
and density, and in terms of demographic profiles, age and sex estimations (Munro and 
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Bar-Oz, 2005). To compare Neanderthal and AMH resource use, however, examining 
intensification at the level of the prey carcass itself provides an effective approach 
(Burger et al., 2005; Munro and Bar-Oz, 2005; Manne et al., 2014). 
 Goldfield et al. (n.d.b) analyzed five faunal assemblages from southwest France in 
order to compare Neanderthal and AMH bone fat exploitation strategies and determine 
whether this specific behavior represented an adaptive advantage for either species. The 
study employed multiple faunal indicators to identify patterns reflecting the type and 
intensity of bone fat exploitation in each assemblage. Across both Neanderthal and AMH 
assemblages, the faunal remains provided evidence for both intensive and lower-intensity 
exploitations of bone fats. Marrow was a critical resource and was widely exploited by all 
groups. Bone grease, extracted from the spongy epiphyseal ends of long bones, was a 
more differentially exploited resource. Importantly, economic decisions regarding 
skeletal parts and the intensity of both marrow and bone grease exploitation appeared to 
vary within Neanderthal and AMH groups. This difference likely represents differences 
in site use, mobility, and responses to environmental stresses. 
 The role of environment in the adaptive fitness of Neanderthals and AMH is not 
yet fully understood. Researchers now acknowledge the high variability of climate 
change in Europe during the later stages of the Pleistocene (Ditlevsen et al., 1996; 
Richerson et al., 2001; Wainer et al., 2009; Pons-Brachu et al., 2010; Bradtmöller et al., 
2012). We therefore need to consider the possibility that these observed climatic and 
environmental changes also impacted hunter-gatherer population dynamics.   
 
 Scenario 3: The role of environmental factors 
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 To understand Neanderthal extinction, it is also crucial to understand marine 
isotope stage (MIS) 3, the period when AMH entered Europe. MIS 3 was a period of 
climatic instability that saw abruptly shifting cycles of warming and cooling, sometimes 
shifting from a warm climate to a brief cold episode and back again in the space of a few 
hundred years (Müller et al., 2011). Each of these warming events is known as a 
Dansgaard-Oeschger (DO) cycle. Each abrupt cooling stage following a DO cycle is 
referred to as a Heinrich Event (see Lowe et al., 2015, Fig. 1). 
 Rapid climate change could have three potential impacts on Neanderthal 
populations. The first is neutral, in which case climate could be ruled out as a major 
contributor to Neanderthal extinction. This option initially seems feasible, since 
Neanderthals persisted for more than 200,000 years in Europe before the arrival of AMH, 
through multiple climate phases. However, data from Greenland ice cores and 
speleothem isotopes indicates that the climate changes during the period of potential 
Neanderthal and AMH interaction in Europe were of significantly higher frequency and 
amplitude than earlier in the Middle Paleolithic (Sanchez-Goñi et al., 2008; Wainer et al., 
2009; Couchoud et al., 2009; Genty et al., 2010; Pons-Branchu et al., 2010).  
 The second potential impact is negative. If climate shifts occurred at a frequency 
of several hundred years, Neanderthal groups could certainly be expected to adapt to the 
difference in temperature and environment of a DO event. However, we could also 
expect a lag in initial population growth. When the climate then shifted to a cooling 
trend, those populations adapted to warmer climates would again be at a disadvantage. 
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This pattern would occur repeatedly, and Neanderthal populations may not have been 
able to quickly rebound from repeated population lags. If AMH populations were more 
plastic in their ability to cope with varied climate conditions, this would be another 
advantage that would amplify the effect of physical differences between the two species.  
 The third potential impact is positive; Neanderthal groups could benefit from the 
environmental changes associated with climate warming. This also seems unlikely, given 
that Neanderthals in western and northern Europe were likely better adapted for cooler 
conditions (Steegmann et al., 2002). Some Neanderthal groups in refugia may have 
adapted to warmer, more humid climates and benefitted, but these groups were still 
eventually replaced by AMH.  
 The relatively abrupt nature of the climate shifts in the late Middle Paleolithic 
may have been a key lever that impacted Neanderthal populations. The population 
models elaborated by Goldfield et al. (n.d.a.) indicate that in conditions of direct 
competition between Neanderthals and AMH, any factor that adds to a Neanderthal 
disadvantage increases the rate of Neanderthal extinction. Therefore, after the arrival of 
AMH in western Europe, not only were the local Neanderthal populations subjected to 
the effects of rapid climate change, but also to the additional environmental stress of 
another human population occupying the same local ecological niches. Even if 
Neanderthal populations adjusted to warmer climates during DO events and Neanderthal 
population density climbed, these warm-adapted populations would then be set up for 
disadvantage when the colder Heinrich Event followed. This pattern occurred repeatedly, 
as demonstrated in the Greenland ice core record (Lowe et al., 2015), and Neanderthal 
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populations may not have been able to quickly rebound from these population lags. If 
AMH populations were more plastic in their ability to cope with fluctuating climate 
conditions, this would be another parameter amplifying the effect of an AMH energetic 
advantage. 
 
Discussion 
 Consideration of physiological, behavioral, and environmental factors allows us 
to eliminate three of the four potential stable states for a system in which Neanderthals 
and AMH interact. We can rule out a system with no hunter-gatherers in Europe, because 
the archaeological record provides clear evidence to the contrary. We can rule out a shift 
to a stable state occupied only by Neanderthals, since as multiple tests outlined in this 
article have shown, this outcome would require an unrealistic set of parameters favoring 
Neanderthals.  
 After the incursion of AMH, Neanderthals in western Europe would have needed 
to adopt a set of subsistence and technological behaviors that not only compensated for 
their higher energetic needs in comparison to AMH, but provided benefit beyond 
“breaking even.” The results of the bone fat exploitation study by Goldfield (n.d.b.) 
indicate little difference between Neanderthals and AMH in marrow processing activity, 
and potentially less intensive bone grease processing by Neanderthals. We can 
extrapolate from this that in the Perigord region at least, Neanderthals were not typically 
exploiting prey carcasses more intensively than AMH. A broader study of bone fat 
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exploitation in this region using the same methodology is needed to confirm this 
prediction.  
 The faunal and lithic record does not suggest that there is any behavior that would 
have given Neanderthals an energetic advantage over AMH. Neanderthal technology, 
including tool complexes and pyrotechnology, may have sufficed and even allowed 
Neanderthals to thrive when no other hunter-gatherer groups were present and competing 
for resources. In the case of both indirect and direct competition with AMH, however, 
Neanderthal technology does not seem to have provided enough compensating efficiency 
to reverse the effect of the AMH energetic advantage. Even a slight but consistent 
difference in birth rates between two species will allow one species to outcompete the 
other over a long period of time. This is the case with Neanderthals and AMH, and so we 
can rule out a scenario in which both groups coexist in a state of balance.  
 When AMH began to populate Europe, therefore, it would seem that only one 
eventual outcome, that of Neanderthal extinction, was possible. The key to understanding 
this process is to understand it as a series of smaller-scale outcomes of population 
interactions. AMH populations did not advance as a tidal wave, wiping out Neanderthals 
in their path. Instead, in patches of the European landscape, AMH began to occupy the 
same niche as Neanderthals. In each of these instances, physiology, behavior, 
environment, and climate may have played different parts in the outcome. Timelines of 
these outcomes would vary significantly, depending on the influencing factors in a 
particular patch. 
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 In each instance of Neanderthal and AMH interaction, or even presence on the 
same landscape, we can use the archaeological record to determine the possible factors 
that would have been key in determining population success outcomes. Any given 
outcome could be the product of a nearly infinite number of variables. For example, if we 
imagine a landscape patch inhabited only by Neanderthals, and an AMH population 
arrives, the two populations may compete for resources. In another landscape patch, 
Neanderthals and AMH might be in direct conflict. In a third patch, Neanderthals and 
AMH may not directly interact at all, and only differences in energetic requirements 
determine which population outcompetes the other. 
 
Conclusion 
 Whether we want to see ourselves as such or not, humans are an invasive species. 
A relatively small population of AMH spread from Africa beginning approximately 
130,000 years ago (Osborne et al., 2008), and now populates nearly the entire planet. In 
ecological terms, we are a top-trophic level predator, and the addition of a new predator 
creates a significant perturbation in any ecosystem (Ripple et al., 2014). More predators 
consume more prey, and if two predators are ecologically similar (i.e., share the same 
niche), one of those species is likely to go extinct. If an invasive species enters a 
landscape during a period of climate change or other environmental stress, this tends to 
have a multiplier effect on the invader’s impact (Shipman, 2015: 104). We know that our 
closest ancient relatives became extinct after AMH populations entered Europe. 
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SOC and RT together create a powerful perspective on multiple scales within the 
Middle to Upper Paleolithic transition. This theoretical framework allows us to test 
specific variables as they relate to small interacting populations and extrapolate the 
outcomes to the global populations as predictions. We can then test the results of these 
predictions against the archaeological record. We can also identify a global trend and 
track its origins to smaller and smaller scales of system interactions. Ultimately, the 
benefit of combining SOC and RT is that we can generate both coarse- and fine-
resolution picture of the end of the Middle Paleolithic in Europe. 
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Chapter 5: Conclusion 
  
 Neanderthal extinction was a gradual, patchy process that took place over 
thousands of years. The process was the combined result of every separate interaction 
that took place between Neanderthals and AMH. The arrival of modern humans in 
Europe was not a tidal wave that swept Neanderthals away in its path, but rather the slow 
incursion of an invasive species.  
 The benefit of a framework that combines SOC and RT is that SOC can examine 
small-scale interactions identify key parameters influencing the outcomes. We can break 
down the process of Neanderthal-AMH interaction into the scale of our choosing. 
Archaeologically, this translates to first interpreting patterns in Neanderthal and AMH 
assemblages at the site and regional level. In this dissertation, I have accomplished this 
by adding definition to the parameter of subsistence behavior with the results of the bone 
fat exploitation study. We can then use RT to examine the emergent properties of these 
smaller systems and draw larger conclusions. I have done so here by assessing intra-site 
faunal patterning, modeling the Neanderthal-AMH competition factor, and assessing the 
effect of regional climate change on population demographics. 
 Ultimately, a wide variety of factors contributed to the extinction of Neanderthals. 
Primary among these factors, however, was physical differences. Based on estimates 
from skeletal remains, Neanderthals were at an inherent disadvantage in terms of 
energetics and locomotive efficiency. This was not a factor in Neanderthal population 
success, however, until there is an invasive species present within the same ecological 
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niche. Such was the case when AMH arrives in Europe. Minor biological differences 
between the two species ultimately favored AMH in terms of converting energy into 
higher birth rates and thus into population success.  Neanderthals would have needed 
significant advantages produced by behavior, environment, or stochastic factors in order 
to make up this initial difference.  
 Thus far, the archaeological record has yielded no evidence of Neanderthal 
behaviors or adaptations that would have compensated for energetic disadvantages. The 
emergent property of interactions between Neanderthals and AMH is that AMH 
eventually became the sole hunter-gatherer species in that particular niche. Each phase of 
replacement might occur on a different time scale, but the cumulative result was the 
same. 
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